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Summary 

The Mesoarchean (2.87 Ga) Ball Assemblage of the Red Lake Greenstone Belt (Superior 

Craton, NW Ontario, Canada) preserves Earth’s oldest known thick carbonate platform. Here, 

a diverse 290 m-thick carbonate assemblage of stromatolitic dolostones and massive limestone, 

along with associated chemical and siliciclastic rocks, make up the 490 m-thick Red Lake 

carbonate platform, which provides a unique opportunity to understand Mesoarchean marine 

biogeochemistry at the inception of Earth’s carbonate factory. This doctoral thesis presents 

sedimentological, elemental, and isotopic (stable carbon, oxygen, and multiple sulfur isotopes) 

analyses of five cored drill holes capturing a variety of sediments deposited in shallow-water, 

platform slope, and deep-water settings, which were examined and analyzed to establish a 

multi-parameter chemostratigraphy spanning the entire succession. Major element data clearly 

demonstrate the sedimentological and geochemical responses to changes in sea level and 

associated water column chemistry of the carbonate-producing Mesoarchean margin. The rare 

earth element systematics of the diverse lithofacies reveal modern-like seawater signatures but 

with several additional characteristics specific to Archean seawater. A general lack of Ce 

anomalies testifies to prevailing anoxic conditions while important Eu anomalies reveal the 

influence of high-temperature hydrothermal inputs to the basin. The occasional presence of 

oxygen in the water column is inferred from rare Ce anomalies, both positive and negative, and 

along with associated Mn and Cr enrichments in some iron formation and limestone samples, 

suggest periodic oxygenation of the water column, at least locally. The mild but significant 

authigenic enrichment of certain redox-sensitive trace elements (i.e., Mo, V, U, and Cr) in 

carbonates and iron formations further suggest redox cycling under mildly oxic water column 

conditions. The carbon and oxygen stable isotope compositions of the carbonates are 

mineralogically and water-depth-controlled; stromatolitic dolostone shows evidence of 

meteoric water interaction during dolomitization, while the deeper water limestone appears to 

have captured the isotopic signature of the open ocean DIC pool. The carbon stable isotope 

data are examined in a global mass balance model that reveals that the Mesoarchean carbon 

cycle must have been dramatically different than today. Multiple sulfur isotope data indicate 

that the sulfide-rich shales preserved at Red Lake possess typical Mesoarchean isotopic 

compositions, with contributions from juvenile sulfur along with atmospherically processed 

elemental sulfur and sulfate. Overall, this work provides important new context for 

Mesoarchean ocean chemistry, carbon and metal cycling, and the occasional presence of 

oxygen during the earliest history of significant carbonate sedimentation on Earth. 
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Sommaire 

L'assemblage mésoarchéen (2,87 Ga) de Ball de la ceinture de roches vertes de Red 

Lake (craton Supérieur, nord-ouest de l'Ontario, Canada) préserve la plus ancienne plate-forme 

carbonatée épaisse connue de la Terre. Ici, un assemblage carbonaté diversifié de 290 m 

d'épaisseur, composé de dolomies stromatolitiques et de calcaires massifs, ainsi que de roches 

chimiques et siliciclastiques associées, constitue la plate-forme carbonatée de Red Lake, qui 

offre une occasion unique de comprendre la biogéochimie marine du Mésoarchéen au début de 

l'usine carbonatée de la Terre. Cette thèse de doctorat présente des analyses sédimentologiques, 

élémentaires et isotopiques de cinq forages carottés capturant une variété de sédiments déposés 

dans des eaux peu profondes, sur la pente de la plate-forme et en eaux profondes. Les données 

sur les éléments majeurs démontrent clairement les réponses sédimentologiques et 

géochimiques aux changements du niveau de la mer et à la chimie de la colonne d'eau. La 

systématique des éléments des terres rares des divers lithofaciès révèle des signatures d'eau de 

mer de type moderne, mais avec des caractéristiques supplémentaires propres à l'eau de mer 

archéenne. L'absence générale d'anomalies en Ce témoigne des conditions anoxiques qui 

prévalent, tandis que des anomalies en Eu révèlent l'influence des apports hydrothermaux à 

haute température dans le bassin. La présence occasionnelle d'oxygène dans la colonne d'eau 

est déduite de rares anomalies de Ce, tant positives que négatives, et, avec les enrichissements 

en Mn et Cr associés, suggère une oxygénation périodique de la colonne d'eau, au moins 

localement. L'enrichissement authigène de certains oligo-éléments sensibles à 

l'oxydoréduction (Mo, V, U et Cr) suggère également des conditions de colonne d'eau 

légèrement oxique. Les compositions en isotopes stables du carbone et de l'oxygène des 

carbonates sont contrôlées par la minéralogie et la profondeur de l'eau ; la dolomie montre des 

signes d'interaction avec l'eau météorique pendant la dolomitisation, tandis que le calcaire des 

eaux plus profondes semble avoir capturé la signature isotopique l'océan ouvert. Les données 

sont examinées dans le cadre d'un modèle de bilan de masse global qui révèle que le cycle du 

carbone au Mésoarchéen devait être radicalement différent de celui d'aujourd'hui. Les données 

isotopiques multiples du soufre indiquent que les schistes riches en sulfures préservés à Red 

Lake possèdent des compositions isotopiques typiques du Mésoarchéen, avec des contributions 

de soufre juvénile ainsi que de soufre élémentaire et de sulfate transformés par l'atmosphère. 

Dans l'ensemble, ces travaux fournissent un nouveau contexte important pour la chimie 

océanique du Mésoarchéen, les cycles du carbone et des métaux, et la présence occasionnelle 

d'oxygène au cours de la première histoire de sédimentation carbonatée significative sur Terre. 
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1.1 The earliest history of Earth: the Hadean and Archean Eons  

In the beginning, the conditions at Earth's surface were very different than today, and it has 

experienced multiple dramatic chemical and biological evolutionary events that led to its 

modern form. The geological history of Earth is divided into two supereons: the Precambrian 

and the Phanerozoic. The Precambrian Eon covers the time from the beginning of Earth’s 

formation 4.6 Ga to 500 Ma. It include three eons, i.e., the Hadean (~4.6 - 4.0 Ga), the Archean 

(~4.0 - 2.5 Ga), and the Proterozoic (~2.0 - 0.5 Ga) eons, while the Phanerozoic eon covers the 

Earth’s past 500 Ma to present. Throughout the Archean, the focus of this thesis, numerous 

dramatic changes occurred on Earth that constituted essential steps towards establishing its 

current surface conditions habitable for complex animal life.  

The Hadean commenced from the accretion of the Earth approximately 4.56 Ga ago and 

is characterized by the stabilization of Earth’s lithosphere and the formation of the hydrosphere 

and atmosphere (Harrison, 2020). Much of our knowledge of this timespan is derived from the 

analysis of meteorites due to the absence of rock records on Earth. About 4.56 Ga ago, the 

formation of Earth started from the solar nebula, and it is assumed that the Hadean Earth passed 

through a magma ocean stage. A transitory proto-crust and the presence of water are indicated 

for the Hadean Eon from the analysis of sedimentary zircons of 4.4 to 4.0 Ga in age (Bibikova, 

2010; Caro et al., 2005; Mojzsis et al., 2001). Oxygen isotope analysis of ~4.3 Ga old zircons 

from western Australia suggests that at that time,  zircon-forming magma of Earth’s early crust 

likely interacted with the hydrosphere (Mojzsis et al., 2001). The Earth’s Hadean crust, oceans, 

and atmosphere are thought to have been far removed compositionally from those observed in 

modern settings, although this is an area of ongoing research that is complicated by a lack of 

available geological records recording Earth’s surface conditions. 
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The Archean Eon spans from 4.0 Ga to 2.5 Ga and includes four Eras: the Eoarchean 

(4.0 to 3.6 Ga), the Paleoarchean (3.6 to 3.2 Ga), the Mesoarchean (3.2 to 2.8 Ga), and the 

Neoarchean (2.8 to 2.5 Ga). The Archean is characterized by significant steps towards a planet 

resembling the modern Earth, including the onset of plate tectonics,  the formation and 

emergence of the first continents, and the evolution of life, and the expansion of microbial 

metabolisms, including the production of free oxygenation by photosynthesis. Stromatolites 

are preserved in most of the Archean carbonate rock record and represent a clear signature of 

environments favorable for photosynthetic activity, by unknown phototrophs at first, and 

eventually by cyanobacteria. 

 

Figure 1.1: Global occurrence of Archean sedimentary carbonates (green dots; modified after 
Petrescu, 2017). 

 

1.2 Archean carbonates around the globe 

Carbonate platforms are large tabular bodies composed of limestone (CaCO3) and 

dolostone (CaMg(CO3)2) that gradually build up as the result of chemical sedimentation, often 
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under the influence of photosynthetic organisms.  Carbonate platforms are a feature of the 

geological record that spans billions of years, beginning in the Mesoarchean. Carbonate rocks 

are particularly important for the long-term sequestration of CO2 from Earth’s surface, which 

is important in maintaining Earth's equable climate (Holland, 1978; Walker et al., 1981). 

Carbonate rocks are widely used as a proxy to infer the composition  of ancient seawater and 

represent a repository of mineralogical, textural, chemical, and isotopic information related to 

ancient microbial life, paleoenvironmental conditions, and past biogeochemical cycling 

(Kamber et al., 2014, 2004; Kamber and Webb, 2001; Nothdurft et al., 2004; Webb and 

Kamber, 2000). Remnants of Archean carbonate platforms are rarely well-preserved, and their 

abundance is scarce in geological rock records (Figure 1.1). Studies of preserved Archean 

carbonate platforms over the past few decades have been yielded important insights into the 

beginning of carbonate platform formation on Earth and their gradual development from small, 

thin occurrences in the most ancient rock records into the multi-km-thick deposits that 

characterize the Earth today. The earliest undisputed sedimentary carbonate, a 1m-thick ferroan 

calcite horizon, is preserved in the Coonterunah Group (3.52 Ga) in the Pilbara Craton, Western 

Australia (Green, 2001; Harnmeijer, 2010). The 3.45 Ga Strelley Pool Chert (Allwood et al., 

2007; Van Kranendonk, 2006) is comprised of encrusting domical, coniform, and wavy 

laminite stromatolites in 8 to 30 m thick units, and constitute among the oldest undisputed 

evidence of life on Earth. Carbonate rocks dating to the Paleoarchean to Mesoarchean time are 

generally less well-preserved compared to their Neoarchean counterparts, and there remain 

important knowledge gaps remaining regarding carbonate platform formation in the 

Mesoarchean. Carbonate platforms gradually started to appear in greater abundance and 

thickness in geologic rock records during the transition from Mesoarchean to Neoarchean 

(Figure 1.2). The evolution of Archean carbonate deposition around the globe through time is 

described below. 
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Figure 1.2: Thickness of Archean sedimentary carbonate units. The study site of this thesis, the 
Red Lake carbonate platform, is marked by a yellow star. Adapted from Riding et al. (2014). 

 

1.2.1 Eoarchean carbonates (4.0-3.6 Ga) 

Eoarchean rocks occur in several cratons as metamorphosed gneiss complexes, including 

the Itsaq Gneiss Complex of southwest Greenland, the Nuvvuagittuq greenstone belt of the 

northeastern Superior Province, the Acasta Gneiss in Slave Province, the Uivak Gneisses of 

Labrador, the Napier Complex in Antarctica, the Narryer Gneiss Complex of Western 

Australia, and the Gneiss Complex in northwestern Swaziland (Harley and Kelly, 2007; Kinny 

and Nutman, 1996; Nutman et al., 2016, 1996; Schiøtte et al., 1989). Carbonate rocks of 

Eoarchean age are either rare or not well-preserved in these cratons. There is a sparse carbonate 

rock record for the Eoarchean, and the only evidence for their possible occurrence is present in 

the Isua greenstone belt within the Itsaq Gneiss Complex. The Isua greenstone belt comprises 

deformed and metamorphosed basaltic pillow lavas, pillow lava breccia, layered mafic-

ultramafic intrusive sheets, ultramafic volcanic rocks, and a small quantity of chemical and 

clastic sedimentary rocks including dolomite, dolomitic marble, chert, banded iron formation, 
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meta-conglomerate, and turbidite rocks (Fedo, 2000; Komiya et al., 1999; Myers and Crowley, 

2000; Nutman et al., 2016). A shallow subtidal environment is suggested for the deposition of 

the marble (Dimroth, 1982). However, based on their composition and observations of their 

occurrence in outcrop, the metacarbonate rocks in this greenstone belt have also been argued 

to represent the product of metasomatism, formed by carbonation and de-silicification of 

various country rocks in the deep crust by metamorphic fluids (Rose et al., 1996; Rosing et al., 

1996). Several 1 to 4 cm-thick stromatolitic dolomite beds of shallow-marine origin have been 

recently reported in a new outcrop of the Isua Supracrustal belt (Nutman et al., 2016), although 

their sedimentary origin and stromatolitic nature remain debated (Allwood et al., 2018). 

1.2.2 Paleoarchean carbonates (3.6-3.2 Ga) 

Carbonate rocks are sporadically preserved in the Paleoarchean sedimentary record, with 

limited occurrences preserved in the ~3.5 to 3.2 Ga old Barberton greenstone belt of the 

Kaapvaal Craton, South Africa (Kröner et al., 1996; Lowe and Byerly, 2007) and in ~3.5 – 3.4 

Ga sediments of the Pilbara Craton in Western Australia (Allwood et al., 2010, 2006; Becker 

and Clayton, 1972; Kaufman et al., 1990; Van Kranendonk, 2006; Van Kranendonk et al., 

2003; Veizer et al., 1990). Highly silicified carbonate successions typically < 20 m thickness 

are present in these greenstone belts and are mainly associated with metamorphosed volcano-

sedimentary rocks, i.e., komatiite, tholeiite, felsic volcanic to volcanoclastic rocks along with 

siliciclastic and deep-water chemical sedimentary rocks such as banded iron formation and 

chert (Allwood et al., 2010; John P. Grotzinger, 1989; Hickman, 2012; Lowe and Byerly, 2007; 

Van Kranendonk et al., 2003).  

The ~ 3.55 - 3.26 Ga Onverwacht Group (Kröner et al., 1996) and the ~ 3.26 - 3.23 Ga 

Fig Tree Group (Byerly et al., 1996) of the Swaziland Supergroup of Barberton greenstone 

belt, and the ~ 3.4 Ga Nondweni Group (Xie et al., 2012) of the Nondweni greenstone belt of 
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Kaapvaal Craton,  South Africa, preserves variably silicified carbonate rocks intercalated with 

metavolcanic and metasedimentary rocks. The Onverwacht Group consists mainly of mafic to 

ultramafic volcanic rocks, minor felsic tuff and lavas, and different types of chemical and 

siliciclastic sedimentary rocks. Chert present in this group is interpreted as a replacement of 

fine-grained carbonate or other chemical sediments (Lowe and Byerly, 1999a; Lowe and 

Knauth, 1977; Viljoen and Viljoen, 1969). The Fig Tree Group includes volcanic and 

volcanoclastic rocks interlayered with terrigenous rocks (Lowe and Byerly, 2007, 1999b). The 

Mapepe Formation of this Group predominantly consists of terrigenous clastic rocks, felsic 

pyroclastic rocks, and minor chemical precipitates such as limestone, dolomite, banded 

ferruginous chert, barite, and calcareous chert (Lowe and Byerly, 2007, 1999b; Lowe and 

Knauth, 1977; Lowe and Nocita, 1999). There are low relief, nearly stratiform, laterally linked 

domes, and rare pseudocolumnar and crinkly stratiform stromatolites present in the thin chert 

layers within the Fig Tree Group that grew on a altered komatiitic lava substrate (Byerly et al., 

1986). 

The ca. 3.4 Ga Nondweni Group of the Nondweni greenstone belt, also in South Africa, 

is mainly composed of volcanic rocks. The uppermost Witkop Formation of the Nondweni 

Group consists of basalts, komatiites, and komatiitic basalts intercalated with chert layers and 

is overlain by a clastic sedimentary succession and a 5 to 8 m thick silicified carbonate unit 

containing domal stromatolites which are in turn overlain by barite and layered lapilli tuffs 

(Wilson and Versfeld, 1994). A shallow water or subaerial depositional environment has been 

suggested for the stromatolites, evaporites, and coarse clastic sediments (Wilson and Versfeld, 

1994). 

 The ~3.5 - 3.4 Ga Warrawoona Group of the Pilbara Supergroup in Western Australia 

is comprised of felsic to mafic volcanic rocks, pyroclastic deposits, bedded chert, sandstone, 
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and carbonate (Bolhar and Van Kranendonk, 2007; Kranendonk et al., 2002; Van Kranendonk, 

2006). The lowest unit of the Warrawoona Group is Dresser Formation (~3.49 Ga), which  

 

Figure 1.3: Drawings and field photographs of the diverse stromatolite preserved in the 2.43 
Ga Strelley Pool Chert, Pilbara Craton, Western Australia. Figure from Allwood et al. (2006). 

 

contains interbedded chert and barite units and pillow basalt. The chert-barite unit consists of 

bedded chert, crystalline barite, stromatolitic dolomite (up to 8 m thick) with varied 

stromatolite morphologies, and siliciclastic rocks (Buick and Dunlop, 1990; Van Kranendonk, 

2006).  The 3.42 - 3.35 Ga Strelley Pool Chert of the Kelly Group consists of a 30 - 1000 m 

thick cherty sedimentary unit in which the middle unit includes variably silicified stromatolites 

of diverse morphologies, while the upper unit consists of conglomerate and sandstone, and the 

© 2006 Nature Publishing Group 

 

Figure 1 | Stromatolite facies of the Strelley Pool Chert, showing
reconstructed three-dimensional views and outcrop photographs.
a–c, ‘Encrusting/domical laminites’; d–f, ‘small crested/conical laminites’;
g–i, ‘cuspate swales’; j–l, ‘large complex cones’ (dashed lines in k trace lamina
shape and show outlines of intraclast conglomerate piled against the cone at

two levels).m–o, ‘Egg-carton laminites’; p, q, ‘wavy laminites’; r–t, ‘iron-rich
laminites’ (t is a cut slab). The scale card in b, h and i is 18 cm. The scale card
increments in c, e, k, l, n and s are 1 cm. The scale bar in o is about 1 cm. The
scale bars in the remaining pictures are about 5 cm.

ARTICLES NATURE|Vol 441|8 June 2006
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lower unit is comprised of quartzite with conglomeratic and volcanoclastic rocks (Buick and 

Dunlop, 1990; Hofmann et al., 1999; Lowe, 1980; Van Kranendonk, 2006; Van Kranendonk 

et al., 2003). The silicified stromatolitic carbonate is characterized by conical to columnar 

stromatolites, stratiform, radiating aragonitic or gypsum crystal fans replaced by dolomite, and 

these features are believed to represent a low energy depositional setting in a partially restricted 

peritidal marine environment or hypersaline lake (Buick and Dunlop, 1990; Hofmann et al., 

1999; Lowe, 1980; Van Kranendonk, 2006; Van Kranendonk et al., 2003) (Figure 1.3).  

 

Figure 1.4: Laterally linked domal stromatolites (A), columnar stromatolites (B, D), and 
conical stromatolites (D) of the 2.96 Ga Chobeni Formation, Pongola Supergroup, South 
Africa. Adapted from Siahi et al. (2016). 

A

DC

B
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1.2.3 Mesoarchean carbonates (3.2 - 2.8 Ga) 

Mesoarchean well-preserved carbonate rocks occur in the Pongola Supergroup, South 

Africa, and several greenstone belts of the Superior Province of Canadian Shield (Beukes and 

Lowe, 1989; Fralick and Riding, 2015; Hofmann et al., 1985; Siahi et al., 2016).  

The oldest Mesoarchean carbonate rock is present in the Nsuze Group (3.0 - 2.9 Ga) of 

the Pongola Supergroup in the Kaapvaal Craton, South Africa. The 2.96 Ga Chobeni Formation 

of the Nsuze Group comprises several 20 to 50 m thick stromatolitic carbonate layers and are 

characterized by 5 to 60 cm-thick stromatolitic bioherms together with ooids, peloids, and 

oncoids (Beukes and Lowe, 1989; Dixon, 2004; Siahi et al., 2016) (Figure 1.4). This 

stromatolitic carbonate was deposited in a tide-dominated clastic-carbonate shallow marine 

environment (Beukes and Lowe, 1989; Mason and Von Brunn, 1977; Siahi et al., 2016).  

Mesoarchean carbonate rocks in the Superior Province of the Canadian Shield are 

exposed in different localities including the Red Lake greenstone belt, Wallace Lake 

greenstone belt, Uchi-Confederation Lakes greenstone belt, and the Finlayson Lake and Lumby 

Lake greenstone belts. The 3.0 - 2.9 Ga Conley formation of Wallace Lake assemblage 

comprises sandstone and conglomerate capped by dolostone, iron formation, and argillites 

(Fralick et al., 2008; Sasseville et al., 2006). The 50 m-thick dolomitic carbonate is 

characterized by stratiform and domal stromatolites that formed in a shallow marine 

environment. 

 The 2.87 Ga Red Lake greenstone belt (Afroz et al., 2023; Corfu and Wallace, 1986; 

Patry et al., in review) contains a  > 200 m thick carbonate package composed of stromatolitic 

dolostones and limestones associated with various deep-water chemical and siliciclastic 

sedimentary rocks which are overlain and underlain by mafic to ultramafic volcanic rocks 
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(Afroz et al., 2023; Hofmann et al., 1985; Hollings et al., 1999; Pirie, 1981; Sanborn-Barrie et 

al., 2001, 2000). The Red Lake carbonate platform, the subject of this thesis, is the most ancient 

thick (>100m) occurrence of carbonate on Earth and its geological context is described in detail 

in Chapter 2.  

 

Figure 1.5: Columnar stromatolites (A), laterally linked domal stromatolites (B), domal 
stromatolite with radiating silicified features (C), and stubby columnar stromatolites (D) of the 
2.87 Ga Woman Lake carbonate. Images from Ramsay (2020). 

 

The 2.85 Ga Woman Lake assemblage of the Birch-Uchi-Confederation greenstone belt 

consists of chert, felsic to mafic volcanic rocks, and a 90 m thick succession of carbonates lying 

above felsic subaerial tuff (Ayers et al., 1971; Nunes and Thurston, 1980). The carbonate 

succession consists of stratiform stromatolites interbedded with thin beds of massive carbonate 

grainstone, laterally linked low domal stromatolites, larger domes, pseudocolumnar 

stromatolites, and a shallow marine peritidal setting has been interpreted for its depositional 

environment (Ramsay, 2020) (Figure 1.5).  
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Figure 1.6: Giant domes (A), crystal fans (B), stratifiera stromatolites (C), and columnar 
stromatolites (D) from the 2.80 Ga Steep Rock Lake carbonate platform. Images from Fralick 
and Riding (2015). 

 

1.2.4 Neoarchean carbonates (2.8-2.5 Ga) 

Carbonate rocks become significantly more prevalent in the rock record of the 

Neoarchean. The emergence of large cratons and subsequent weathering of continental crust, 

including the Kaapvaal, Pilbara, and Superior cratons during the Paleoarchean to Mesoarchean, 

and the stabilization of late Archean cratons, such as the Yilgarn, Slave, and Zimbabwe cratons, 

created stable surfaces that were periodically flooded by shallow seas, leading to the 

accumulation of carbonates from seawater that was at times carbonate-saturated. Thick 
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carbonate successions appear in many places during the Neoarchean, including the Steep Rock 

Group and the Yellowknife Supergroup in Canada, the Hamersley and Fortescue Groups of 

Western Australia, the Ventersdrop and Transvaal Supergroups in South Africa, the Ngezi 

Group of Zimbabwe, and different greenstone belts of the Dharwar Craton, India. These 

carbonates formed in a variety of depositional settings, including both continental margin 

platforms and foredeep basins (John P. Grotzinger, 1989).  

The Steep Rock Group belongs to the Lumby Lake greenstone belt of Superior Province 

in Canada. The 2.80 - 2.78 Ga Steep Rock Group hosts one of the thickest Archean carbonate 

platforms on Earth (Fralick & Riding, 2015). The 500 m thick Mosher carbonate consists of 

stromatolitic carbonates (ankerite, calcite, and dolomite) with diverse morphologies including 

domal, conical, columnar, tabular, and large stromatolite mounds with crystal fans, herringbone 

calcite, and gypsum molds (Fralick & Riding, 2015; Kusky & Hudleston, 1999; Wilks & 

Nisbet, 1988) (Figure 1.6). These carbonates were precipitated in a shallow marine 

environment with short-lived anaerobic and hypersaline conditions, as inferred from the 

presence of gypsum molds and herringbone calcite (Fralick & Riding, 2015; Kusky & 

Hudleston, 1999). 

The ~2.7 Ga Yellowknife Supergroup of Slave Province in Canada contains ~ 40 m- 

thick discontinuous stromatolitic carbonates intercalated with felsic to mafic volcanic rocks, 

clastic turbidites, and sporadic conglomerate (Breemen et al., 1992; Henderson, 1975a). The 

carbonates likely formed as short-lived reefs which were capped by a felsic volcanic unit 

(Grotzinger, 1986; John P Grotzinger, 1989; Henderson, 1975b; Lambert, 1998). 

The 2.7 - 2.6 Ga Fortescue Group, Mount Bruce Supergroup, Pilbara Craton exhibits 

carbonate successions in association with flood basalt along with volcanoclastic and 

siliciclastic rocks (Blake et al., 2004; Thorne and Trendall, 2001; Van Kranendonk, 2006). The 
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Tumbiana Formation of this group consists of limestone, rare dolostone, siliciclastic rocks, 

tuffs, and mafic volcanic rocks, and is overlain and underlain by amygdaloidal basalt (Awramik 

and Buchheim, 2009; Buick, 1992; Thorne and Trendall, 2001). The Meentheena Member 

consist of 30 to 50 m-thick stromatolitic limestones and siliciclastic rocks while the Mingah 

Member consists of several cm-thick stromatolitic limestones, minor mudstone, volcanoclastic 

sandstone, and basalt (Buick, 1992; Thorne and Trendall, 2001). The depositional environment 

of this carbonate is debated, and both shallow-marine settings (Sakurai et al., 2005) and 

lacustrine settings (Awramik and Buchheim, 2009; Bolhar and Van Kranendonk, 2007; Buick, 

1992) have been proposed. 

The Hamersley Group, Western Australia, hosts two well-preserved and extensive 

carbonate exposures, namely the Carawine Dolomite and Paraburdoo Member of the 

Wittenoom Formation (Simonson et al., 1993). The ~2.6 Ga Carawine Dolomite reaches > 500 

m in thickness and consists predominantly of stromatolitic dolomites, although it is intercalated 

with argillite and chert in some places. These carbonates were precipitated directly on or 

beneath the seafloor as inorganic precipitates, e.g., acicular or prismatic crystals, zebraic 

dolomite cement, stubby vertically aligned crystals, and hollow-faced cubes in a restricted area 

subject to evaporative concentration (Simonson et al., 1993). The ~2.56 Ga Wittenoom 

Formation is classified into three members: the West Angelas Shale member, the Paraburdoo 

Member, and the Bee Gorge member, and all of them contain carbonates of variable thickness 

that are associated with argillite, banded iron formation, chert, and volcanoclastic rocks 

(Blockley et al., 1993; Simonson, 1992; Simonson et al., 1993). The large stromatolitic domes 

and laminites with roll-up structures in these carbonates suggest that deposition occurred in a 

deeper-water depositional environment than many other Neoarchean stromatolite occurrences 

(Simonson, 1992; Simonson et al., 1993).  
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The 2.7 Ga Ventersdrop Supergroup of the Kaapvaal Craton in South Africa is divided 

into several groups which are mainly composed of mafic volcanic rocks as well as terrigenous 

and chemical sedimentary rocks. The Platberg Group of this Supergroup contains stratiform to 

small-scale domal stromatolitic dolomites with cherty laminae, together with giant ooids, shale, 

sandstone, and conglomerate thought to be deposited in a lacustrine environment. The 

Omdraaivlei Formation of Sodium Group also contains carbonates that consist of 10 - 90 cm-

thick stromatolitic cherty limestone with diverse stromatolite morphologies intercalated with 

tuffaceous shale along with tuff, mafic to intermediate lava flows, and pillow lavas intercalated 

with arkose sandstone (Altermann and Lenhardt, 2012; Grobler et al., 1989; Van der 

Westhuizen et al., 2006, 1991).  

The ~2.6 - 2.0 Ga Transvaal Supergroup of the Kaapvaal Craton exhibits well-

preserved thick carbonate units (Altermann and Nelson, 1998; Walraven et al., 1990). The 

Schmidtsdrif Subgroup of Ghaap Group, Transvaal Supergroup, contains over 200 m of 

subtidal to tidal flat deposits consisting of wavy laminated stromatolitic and oolitic dolomites, 

calcarenite, and dolarenites, along with sediments with important siliciclastic influence, 

including, shale, calcareous shale, and quartzite (Altermann and Siegfried, 1997; Altermann 

and Wotherspoon, 1995; Beukes, 1987, 1983). The ~2.56 Ga Campbellrand Subgroup of the 

Ghaap Group consists of eight carbonate formations up to 2500 m in thickness, and its 

correlative in the Griqualand West basin, the Malmani Subgroup, comprises a ~1700 m thick 

carbonate succession (Barton et al., 1994). The stromatolitic carbonate successions alternate 

with chert and shale layers, thin tuff beds, mafic lava, and minor siliciclastic rocks, and their 

deposition occurred in a shallow marine tide-dominated, peritidal depositional setting 

(Altermann and Siegfried, 1997; Altermann and Wotherspoon, 1995; Beukes, 1987) (Figure 

1.7).  
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Figure 1.7: Small domal (A, B), Columnar (C), and Giant domal (D) stromatolites from the 
2.55 Ga Campbellrand-Malmani carbonate platform, Kaapvaal Craton, South Africa. Photos 
courtesy of S. Lalonde. 

 

The Ngezi Group belongs to the Belingwe greenstone belt of the Zimbabwe Craton and 

consists of four formations (Martin et al., 2020). The ~2.7 Ga Manjeri formation contains 50 - 

100 m thick fluvial and shallow-water deposits composed of conglomerate, sandstone, shale, 

stromatolitic carbonates, and ironstone (Bickle et al., 2020, 1975; Hunter et al., 1998). The 

carbonates were probably formed under intertidal conditions (Bickle et al., 1975; Martin et al., 

2020, 1980). The ~2.6 Ga Cheshire Formation is comprised of limestone interbedded with fine-

grained terrigenous sedimentary rocks and with minor dolomite in a ~350 m thick succession 

(Abell et al., 1985; Bolhar et al., 2002; Hofmann et al., 2001; Hofmann and Kusky, 2004; 
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Martin et al., 1980). The suggested depositional environment of this carbonate is shallow-

marine to protected lagoon (Abell et al., 1985; Martin et al., 2020, 1980), as well as wave- and 

storm-dominated shallow-marine open environment (Hofmann et al., 2001). 

The ~2.9 - 2.6 Ga Dharwar Supergroup of the Dharwar craton in southwestern India 

hosts two groups: the Bababudan and Chitradurga Groups (Ramakrishnan and Nath, 1981; 

Russell et al., 1996). The lower portion of the ~2.7 Ga Chitradurga Group is composed mainly 

of greywacke, banded ferruginous chert interlayered with calcitic and dolomitic layers and 

lenses of shallow-marine origin (Jayananda et al., 1995; Trendall et al., 1997). Columnar and 

pseudo-columnar stromatolites are present in the cherty dolomite sections of this group 

(Chadwick et al., 1985, 1989; Srinivasan et al., 1989). The ~2.7 Ga Sandur Schist Belt of the 

eastern side of the Dharwar Craton consists of stromatolitic carbonates, turbidites, and mafic-

ultramafic volcanic rocks (Baral, 1986; Manikyamba and Naqvi, 1998, 1997; Nutman et al., 

1996). A shallow-marine depositional environment is inferred for these carbonates and 

siliciclastics (Chadwick et al., 1989, 2000; Chadwick et al., 1997). 

1.3 Shallow to deep water carbonates in Archean rock records 

Archean carbonate deposition occurred mostly in shallow marine to restricted evaporitic 

shallow water settings. Most of the earliest Archean (Paleoarchean to Mesoarchean) carbonate 

platforms preserve only shallow-water marine strata, and for the most part, carbonate strata 

spanning shallow-to-deep-water settings only began to become important in the geological 

record in the Neoarchean. The 2.56 Ga Campbellrand-Malmani carbonate platform of South 

Africa and the ~2.7 Ga Manjeri formation of the Belingwe greenstone belt of Zimbabwe Craton 

preserve carbonates that span shallow-to-deep-water depositional settings. The 2.87 Ga Red 

Lake carbonate platform of the Superior Craton is unique in this sense as it is the oldest known 

place on Earth where siliciclastic and chemical sedimentary successions spanning shallow-to-
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deep-water settings are well preserved. At this site, the lateral transition from shallow water 

stromatolitic carbonates to offshore deeper water lithofacies is clear in both outcrop and drill 

core. The details of the geological settings and different lithofacies associated with the Red 

Lake carbonate platform are described in Chapter 2. 

1.4 Previous studies of the Red Lake carbonate platform 

Hofmann et al. (1985) first described the stromatolites and pseudofossil termed 

‘Atikokania’ from a carbonate section of the Red Lake carbonate platform. No detailed 

stratigraphic and geochemical work was reported in this study. Three types of stromatolites, 

namely mounded (Colleniella), stratiform (Stratifera), pseudocolumnar (Collumnaefacta) 

were documented, along with the pseudofossil Atikokania (see Chapter 2). The Colleniella 

structures are partly silicified, isolated, bulbous mounds, rare in outcrop, and are preserved in 

a single outcrop on the west shore of Bridget Lake. They occur in close association with planar, 

stratiform stromatolites, small channel fills, and flat-pebble breccia likely derived from the 

stratiform mats and deposited under intertidal to shallow subtidal settings. Stratifera is the most 

common type of stromatolite in the Red Lake area and occurs in several outcrops. These are 

laterally linked biostromes up to several meters thick, obtuse, and composed of corrugate 

laminae that are contiguous to closely spaced. Based on the size, extent, and absence of shallow 

water features in Stratifera, a much deeper water environment than for the Colleniella mounds 

was inferred for the depositional setting of Stratifera. The pseudocolumnar or Collumnaefacta 

stromatolites are defined by closely spaced biostromes 1 - 10 cm wide with ragged stubby 

columns and pseudocolumns and are several decimeters thick. These structures are present only 

in the Hahn Lake area and are found stratigraphically slightly below the Stratifera 

stromatolites. A subaqueous deeper water environment is postulated for this type of 

stromatolite.  The pseudofossil Atikokania is characterized by pseudomorphic crystals 

(possibly once gypsum) with a cm-to dm-wide prominent radial fabric of chert and carbonate. 
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A stromatolitic origin is not inferred for this structure, which represents instead predominantly  

abiotic chemical precipitation at large scales, although microbial influence cannot be excluded 

at the micro-scale. Bundles of diverging acicular aggregates grew on top of basal layers which 

are composed of finely laminated dark grey carbonate. A shallow-water peritidal setting with 

high salinity conditions is inferred for the radial acicular growths comprising the Atikokania. 

McIntyre and Fralick (2017) re-examined the peritidal stromatolites at Red Lake and also 

described the rock types that are closely associated with the stromatolites, including laminated 

carbonate, ribbon rock, intraclastic carbonate lithoclasts and marl lithofacies, and carbonate-

associated oxide facies iron formation through outcrop investigation. They reported detailed 

descriptions and depositional environments for the stromatolitic carbonates and other 

sedimentary rocks present in this carbonate platform based on outcrop studies combined with 

geochemical data that included major elements, trace elements including REE, and C, O, and 

Sr isotopic compositions from a small sample suite of samples (n=30). The sedimentological 

study of McIntyre and Fralick (2017) was focused mainly on outcrops representative of shallow 

water carbonates, with few hints from the limited outcrops of the deeper water rocks that were 

captured in the industrial drill cores studied in this thesis. Dolomitic carbonates with peritidal 

depositional features were reported to dominate the carbonate platform top, while calcitic 

carbonates dominate the deep subtidal to upper slope lithofacies and crystal fan mounds that 

were likely deposited as aragonite (McIntyre and Fralick, 2017). 

In my MSc work at Lakehead University, I first described the deeper water lithofacies at 

Red Lake, including the carbonate-magnetite, slumped carbonate, oxide iron formation, chert, 

black shale, and sulfidic shale preserved in the Red Lake carbonate platform (Afroz et al., 

2023). A detailed stratigraphic correlation panel transecting the carbonate platform was 

constructed using cored drill hole data and outcrop studies.  In addition, the depositional 
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environment of the deeper water lithofacies, and redox conditions were interpreted using major, 

trace, and rare earth element geochemical data. In this doctoral thesis, I aimed to significantly 

expand the stratigraphic, elemental, and isotopic characterization of the carbonate platform at 

Red Lake through the integrated study of the ensemble of industry drill cores as well as 

additional field observations of the unique Mesoarchean sediments occurring at this 

understudied locality. 

1.5 Research objectives and overview of the dissertation  

There exist important knowledge gaps relating to the chemical composition and 

architecture of the Red Lake carbonate platform, and more generally, of Mesoarchean 

carbonate platform formation, of ocean chemistry and redox during the Mesoarchean, and the 

biogeochemical cycling of carbon and sulfur in Mesoarchean paleo depositional environments. 

This doctoral dissertation aims to address these gaps by addressing the following specific 

research objectives: 

1. Constrain the major element, trace element, and REE geochemical composition of the 

Red Lake sediments captured in multiple cored industry drill holes that span the diverse 

lithofacies present at Red Lake, in order to establish a chemostratigraphic framework 

for Earth's earliest thick carbonate platform. 

2. Shed new light onto the operation of the carbon cycle during the Mesoarchean, as well 

as the origin of unusually light oxygen isotope signatures in Archean chemical 

sediments, through the stable isotope analysis of carbon and oxygen in Red Lake 

carbonates. 

3. To better understand sulfur cycling in the Mesoarchean ocean by a preliminary study 

of the in-situ multiple sulfur isotope composition of unusually sulfide-rich fine grained 

sediments associated with the Red Lake carbonate platform. 
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Each of these objectives are presented as individual chapters, formatted as research articles, 

that form the scientific heart of this dissertation. These are accompanied by chapters containing 

introductory and supporting material, including geological context, methods, and conclusions 

and perspectives.  

Specifically, this thesis is structured into seven chapters:  

Chapter 1 presents an overview of the early Earth and the global occurrence of Archean 

carbonate platforms. It is followed by a brief synthesis of previous studies of the sediments 

preserved at Red Lake and a brief description of the research objectives and thesis structure. 

Chapter 2 describes the geological setting of the study area. This chapter includes a detailed 

description of the Red Lake greenstone belt and the surrounding area, the Red Lake carbonate 

platform, and lithofacies descriptions of the diverse lithologies present in the Red Lake 

carbonate platform.  

Chapter 3 describes the fieldwork, core logging, sample preparation, and details 

concerning the various methods used to obtain the elemental and isotopic data presented in this 

thesis.  

Chapters 4, 5, and 6 present the individual objectives of this thesis in the form of articles 

formatted for scientific journals. In Chapter 4, an elemental chemostratigraphy of the cored 

drill holes is established using major element data, redox-sensitive trace element data, and REE 

data representing the diverse lithofacies of the Red Lake carbonate platform in order to 

understand the composition of seawater, weathering processes on land and solute fluxes into 

the basin, and redox conditions prevailing at the time of deposition of the Red Lake carbonate 

platform. 
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Chapter 5 presents a carbon and oxygen stable isotope chemostratigraphy of the 

stromatolite-rich dolomitic carbonate and massive calcic carbonate rocks preserved in multiple 

drill holes. This chapter addresses the lithological, diagenetic, and metamorphic controls, as 

well as paleoenvironmental signals, preserved in the stable carbon and oxygen isotopic 

composition of carbonates of the Red Lake carbonate platform. 

 Chapter 6 presents a preliminary study of the in-situ multiple sulfur isotope 

composition of sulfidic shale samples found in the Red Lake carbonate platform. Sources of 

sulfur to the Mesoarchean ocean as well as microbial and metamorphic processes affecting 

these sources are discussed in this chapter. 

Chapter 7 concludes the thesis with a summary of the main findings as well as the 

perspectives for future research opened by this study. 
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2.1 Geology of the Red Lake greenstone belt  

The Superior Province, located in Canada, comprises about 23% of the exposed 

Archean crust of the Earth, and consists of mainly Meso- to Neo-archean age rocks (Thurston 

et al., 1991). The Superior Province is divided into nine subprovinces: Sachigo subprovince, 

Berens River subprovince, Uchi subprovince, English River subprovince, Winnipeg River 

subprovince, Wabigoon subprovince, Quetico subprovince, Abitibi subprovince, and Wawa 

subprovince (Card and Ciesielski, 1986) (Figure 2.1). The Uchi subprovince is an east-west 

trending, semi-continuous ribbon-like region of metavolcanic and metasedimentary rocks 

interlinked between granitic bodies (Stott et al., 1991). The Uchi Subprovince is bordered to 

the north by a plutonic belt, the Berens River Subprovince, and to the south by a high-grade 

metasedimentary-plutonic belt, the English River Subprovince (Stott et al., 1991). A series of 

Neoarchean to Mesoarchean rocks spanning 3000-2700 Ma occur in this subprovince (Corfu 

and Wallace, 1986). Most parts of the Uchi subprovince were subjected to greenschist to lower 

amphibolite facies metamorphism, while higher-grade metamorphosed rocks occur mostly at 

the major pluton boundaries and in areas with high degrees of strain (Corfu and Wallace, 1986; 

Thurston and Breaks, 1978). The Uchi subprovince consists of seven supracrustal assemblages 

of Mesoarchean to Neoarchean age, all of which have undergone subsequent metamorphism 

and hydrothermal alteration. Supracrustal assemblages that formed the Uchi subprovince 

include mafic tholeiitic-komatiitic sequences to calc-alkalic and tholeiitic volcanic arc 

sequences, and chemical and clastic sedimentary rocks (Card, 1990; Card & Ciesielski, 1986; 

Hollings et al., 1999). The Uchi Subprovince contains several greenstone belts, including the 

Red Lake greenstone belt (RLGB). The RLGB is characterized by 300 Ma of episodic 

magmatism, volcanism, deposition of diverse sedimentary rocks, emplacement of granitoid 

batholiths, multi-phase deformation, and metamorphism (Corfu and Andrews, 1987; Sanborn-

Barrie et al., 2001, 2000). 
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Figure 2.1: (A) Map of the Canadian Shield, (B) subprovince map of the Superior Province 
(studied area marked in red square) in the Superior Craton, central Canada, and (C) 
Stratigraphy of the Ball assemblage containing the Red Lake carbonate platform (modified 
after Afroz et al., 2023). 

 

The RLGB is mainly formed of Mesoarchean assemblages, which include three 

volcanic assemblages and one clastic assemblage: the Balmer, Ball, and Bruce Channel 

assemblages, and the Slate Bay assemblage, respectively. The Balmer assemblage (2.99 - 2.96 

Ga) constitutes about half of the RLGB, and occurred at an island arc with mantle plume 

activity (Hollings, 1999; Sanborn-Barrie et al., 2001; Tomlinson et al., 1998). It is composed 

of submarine tholeiitic basalt, komatiite, komatiitic basalt with minor felsic metavolcanic 

rocks, mafic to ultramafic intrusive rocks, clastic metasedimentary rocks, and chert-magnetite 

iron formation (Hollings et al., 1999; Sanborn-Barrie et al., 2001; Tomlinson et al., 1998). The 

Ball assemblage, originally dated to 2.94 - 2.92 Ga (but new zircon U-Pb data from the 
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EARTHBLOOM project indicate it may be as young as 2.87 Ga; see below), hosts stratigraphy 

comprised of diverse volcanic rocks, including komatiitic to tholeiitic basalt, andesite, dacite, 

and rhyolite intercalated with minor komatiite and komatiitic basalt flows, which are 

interlayered with chemical and siliciclastic metasedimentary rocks. Chemical metasedimentary 

rocks include chert-magnetite iron formation, dolomitic marble-chert, and siliciclastic 

metasedimentary rocks including conglomerate and quartzite. The Slate Bay assemblage 

(<2.92 Ga) comprises clastic and conglomerate units containing Balmer- and Ball-age zircons 

(Corfu et al., 1998), indicating an erosional event affecting the Ball assemblage. After the 

deposition of the clastic-dominated Slate Bay assemblage, the Bruce Channel assemblage 

(<2.89 Ga) represents explosive, arc-like volcanism with later subsidence and deposition of 

clastic sediments. The Trout Bay assemblage (<2.85 Ga) consists of volcano-sedimentary 

sequences and represents a back-arc or oceanic plateau setting (Sanborn-Barrie et al., 2001). 

This assemblage consists of clastic rocks underlain by basalt, intermediate tuff, chert-magnetite 

iron formation, and intrusive gabbro and ultramafic rocks. Later, a regional angular 

unconformity comprising polymictic conglomerate separated the Mesoarchean rocks (Balmer 

and Bruce Channel assemblages) from the Neoarchean rocks (Confederation assemblage). The 

Neoarchean Huston assemblage (2.71Ga) is comprised of argillite, turbiditic wacke, and a thin 

layer of tuff. The Confederation assemblage (2.73 Ga) consists of three temporally and 

spatially distinct volcanic packages (Sanborn-Barrie et al., 2001). The RLGB was affected by 

three distinct metamorphic events, and the peak metamorphic event produced lower greenschist 

to upper amphibolite facies (Easton, 2000; Thompson, 2003). Peak metamorphism was caused 

by plutonism and/or orogenic events in the RLGB (Dubé et al., 2004; Easton, 2000; Stott et al., 

1991). 
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Figure 2.2: Geological map of the Ball Assemblage containing the Red Lake carbonate 
platform along with the locations of the cored drill holes analyzed in this study (modified after 
Sanborn-Barrie et al., 2004). 

 

2.2 Geology of the Red Lake carbonate platform 

The Red Lake carbonate platform (RLCP) is the oldest known thick Mesoarchean 

carbonate platform on Earth, located within the Red Lake greenstone belt (RLGB) of the Uchi 

Subprovince, Superior Province Canada (Figure 2.1). The carbonate platform lies between the 

North Caribou Terrane and the English River subprovince (McIntyre and Fralick, 2017; 

Sanborn-Barrie et al., 2001, 2000). Corfu and Wallace (1986) constrained the age of this 

carbonate platform by U-Pb dating of zircons isolated from the underlying rhyolitic lapilli tuff 

(2940 ± 2 Ma) and overlying rhyolitic flow (2925 ± 3 Ma). However, approximately two 

months before completion of this thesis, new LA-ICP-MS U-Pb ages from zircons isolated 

from a tuffaceous interval in the carbonate platform itself constrain deposition to ca. 2.87 Ga 

(Patry et al., in review). This indicates that the zircons dated by Corfu and Wallace may have 

been detrital in origin; accordingly, the new 2.87 Ga age is adopted for the platform throughout 

this thesis, although it is underlined that this may be subject to later re-interpretation by the 

EARTHBLOOM team.  
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The carbonate platform is comprised of a complex succession of metavolcanic-

metasedimentary rocks of the Ball assemblage (Figure 2.2). The metasedimentary assemblage 

is overlaid and underlaid by mafic to felsic metavolcanic rocks. The Ball assemblage in the 

RLCP mainly consists of tholeiitic basalt flows, felsic calc-alkalic flows, pyroclastic rocks, 

chemical sediments, e.g. dolomite-chert, magnetite-chert, sulfides, and metasedimentary 

siliciclastic rocks (Corfu and Wallace, 1986; Hofmann et al., 1985; Hollings et al., 1999; Pirie, 

1981; Sanborn-Barrie et al., 2001, 2000). The stromatolite-bearing carbonate is trending east 

to west and dipping to the south (McIntyre and Fralick, 2017). The 490 m thick 

metasedimentary package contains 290 m of carbonates, and the rest is composed of various 

types of chemical sedimentary and siliciclastic rocks. The stratigraphy of the Red Lake 

transecting through the carbonate platform was constructed using the stratigraphic logs from 

the nine cored industry drill holes donated by Goldcorp Inc. for the EARTHBLOOM project 

(see Methods in Chapter 3 as well as Afroz et al., 2023). 
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Figure 2.3: Stratigraphic correlation of the nine cored industry drill holes showing shallow 
water stromatolitic carbonate overlying and underlying the deeper water chemical sedimentary 
rocks and siliciclastic sedimentary rocks. The inset (green box, top right corner) shows the 
stratigraphic section of the transitional facies preserved approximately 4 km east of the NGI10-
31 hole in the Hall Bay area (outcrop 4 in Figure 2.2). The correlation panel between the PB12-
35 and the PB12-34 holes and the PB12-32 and the NGI10-31 holes represents the X to X′ and 
Y to Y′ lines, respectively, as shown in Figure 2.2 (modified after Afroz et al., 2023). 

 

2.3 Chemical sedimentary rocks in the Red Lake carbonate platform 

The Mesoarchean RLCP comprises a diverse assemblage of chemical sedimentary rocks, 

such as dolomite-rich stromatolitic and calcitic carbonate, oxide iron formation, and chert. The 

carbonates alternate and interlayer with other chemical sedimentary rocks and siliciclastic 

sedimentary rocks (Figure 2.3).  
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2.3.1 Carbonates 

2.3.1.1 Stromatolitic carbonate 

Laterally linked domal stromatolites (McIntyre and Fralick, 2017) aka Stratifera 

(Hofmann et al., 1985), isolated domal stromatolites (McIntyre and Fralick, 2017) aka 

Colleniella (Hofmann et al., 1985), and large low-relief domes (McIntyre and Fralick, 2017) 

are preserved in the Red Lake carbonate platform. The stromatolites are highly silicified and 

composed of coarse to fine laminoid fenestral fabric. Isolated domal stromatolites have 

laminoid fenestral fabric, bird-eye vugs, and reticulate stromatactis-like structures and similar 

dimensions to the laterally linked domal type (McIntyre and Fralick, 2017). This stromatolite 

type is overlain by herring-bone cross bedding composed of intraformational mud chips. 

Laterally linked domal stromatolites are the most common stromatolitic facies in the Red Lake 

carbonate platform and are mostly associated with wavy laminae, laminated carbonate 

stromatolites, and pseudomorph fans (Figure2.4A) (McIntyre and Fralick, 2017). The large 

low-relief dome-type stromatolites show regular and smooth layering and are similar to the 

other stromatolites (Figure 2.4B). They form mounds with topographic relief of 1 m and a 

diameter of 2 m.  

Crystal fans of variable sizes and lithofacies associations are preserved in the Red Lake 

carbonate platform. These are actually crystal pseudomorphs with acicular radiating crystals 

present in otherwise fine-grained ferroan dolomite or calcite matrix and are preferentially 

silicified. Atikokania consists of larger, stacked, densely packed fans ranging from 5 to 30 cm 

in height (McIntyre and Fralick, 2017). The stacked fan beds of about 2 m in diameter and 1.5 

m in height have a dome-like structure (Figure 2.4D).  
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Figure 2.4: (A) Dolomitic domal stromatolites (B) Wavy stromatolitic laminae associated with 
laterally linked low domes (C) Crinkly stromatolites, and (D) Large dome containing crystal 
fans and massive carbonates composed of calcite in the Red Lake carbonate platform.  

 

A variety of carbonate sediments with less obvious microbially-influenced features are 

also present in the RLCP. Laminated carbonate consists of light-colored chert and dark grey 

mm-scale limestone bands. This type of carbonate occurs in association with large low-relief 

domes and crystal fans. The wavy laminae lithofacies consist of flat, wavy, and crinkly laminae 

of massive carbonate separated by mm-scale chert laminae (McIntyre and Fralick, 2017) 

(Figure 2.4C). Also present is Herring-bone calcite, a type of cement, characterized by 1 to 3 

cm thick laterally continuous irregular banding and composed of serrated, sub-mm-scale 

fibrous calcite or dolomite cement with elongated crystals that are perpendicular to banding 

(McIntyre and Fralick, 2017). Different types of features such as sheet cracks, stromatactis-

like cavities, roll-ups, crinkly laminae, irregular folding, teepee structures, apparent desiccation 
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cracks, small mm-scale fibrous colloform cement crusts, pseudomorphs after gypsum and 

colleniella occur locally (McIntyre and Fralick, 2017). 

2.3.1.2 Carbonate-magnetite 

 Carbonate-magnetite facies consist of white, ~1cm thick calcite layers alternating with 

mm-scale magnetite laminae (Afroz et al., 2023). The calcite bands are straight while the 

magnetite laminae are straight to wavy (Figure 2.5). Calcite and magnetite layers show sharp 

contacts, but   

 

Figure 2.5: (A) Carbonate-magnetite in outcrop (B) polished section of carbonate-magnetite 
shows alternating calcite and magnetite bands.  

 

sometimes diffusive magnetite is present in the carbonate layers. Primary structures and 

textures of calcite and magnetite bands have been obliterated due to recrystallization. In thin 

sections, inequigranular, fine to coarse crystalline calcite grains shows xenotopic fabric. These 

facies are absent in drill holes and shows limited occurrence in outcrops in the Red Lake area 

and are best exposed next to the stromatolitic carbonate unit on the NW shoreline of the Hall 
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Bay area and on the shoreline immediately south of the oxide facies iron formations from the 

WNW of Galena Island. These facies are considered transitional facies between shallow- to 

deep-water facies as they are underlying by shallow-water stromatolitic carbonate and 

overlying by slumped carbonate. 

2.3.1.3 Slumped carbonate 

Slumped carbonates occur in association with iron formations and/or siliciclastic 

sediments (Afroz et al., 2023). They consist of mass-flows of contorted calcite clasts and/or 

broken layers of different sizes and shapes (Figure 2.6). Fine-grained dark gray to black 

siliciclastic mudstone, magnetite-rich iron formation, or an assemblage of both hosts the calcite 

clasts/fragmented layers. The siliciclastic matrix is sometimes calcite-rich, indicating slumping 

likely to occur before lithification. These lithofacies occur next to the carbonate-magnetite 

facies on the shoreline of the Hall Bay area and are not present in the cored drill holes. 

Slumping of carbonate is not likely due to tectonic brecciation as the broken carbonate 

layers/clasts are irregularly oriented and the facies overlying and underlying the slumped units 

show no sign of tectonic brecciation but rather are parallel-laminated. This mass flow of 

carbonates was likely formed by soft-sediment deformation in the outer carbonate-dominated 

area of the platform due to slope instability, leading to the mixing and deposition of dislocated 

carbonates with other non-lithified sediments in the down-slope areas.  
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Figure 2.6: (A) Slumped carbonate in outcrop, (B) polished section shows broken, contorted 
clasts and/or broken layers of calcite hosted in siliciclastic mudstone, magnetite-rich iron 
formation, or an assemblage of both. Oxide iron formation 

 

 

Figure 2.7: (A) Oxide iron formation composed of magnetite alternating with chert in outcrop, 
and (B) polished core sample showing magnetite interlayered with chert. Grunerite is often 
found at the contact between magnetite and chert, an indicator mineral of regional 
metamorphism.  
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2.3.2 Oxide iron formation 

The oxide facies iron formation consists of a 1-5 cm thick magnetite band interbedded 

with chert of similar thickness (Afroz et al., 2023). Magnetite bands typically show sharp 

contact with the chert bands and layering is parallel, straight to slightly wavy, and laterally 

continuous (Figure 2.7). Oxide facies iron formation is well-preserved in outcrops in the Red 

Lake area and several drill holes captured this lithofacies.  

2.3.3 Chert 

Chert mainly occurs as massive chert and as chert interbedded with magnetite in the 

Red Lake area (Afroz et al., 2023). Massive chert bed thicknesses vary from 10 to 30 cm in 

outcrop. They are often interbedded with 0.5 to 4 cm thick magnetite bands, and in some places 

associated with sulfidic shale layers (Figure 2.8). White to grey, straight to slightly wavy chert 

bands of 1 to 5 cm thickness also alternate with magnetite in outcrop and core samples (Figure 

2.7). Grunerite is sometimes present along the contacts between magnetite and chert. A 

fractured appearance is apparent in some cored drill holes.  

2.4 Siliciclastic rocks in the Red Lake carbonate platform 

Siliciclastic sedimentary rocks such as conglomerate, sandstone, siltstone, and black shale-

sulfidic shale (technically slate) are preserved in the RLCP. These coarse-grained clastic rocks 

are well-preserved in outcrops while the fine-grained clastic rocks are uncommon in outcrops. 

However, all these rocks are well-captured in many of the cored drill holes. 

2.4.1 Conglomerate and sandstone 

Fine to coarse-grained massive sandstone beds up to 35 m thick are preserved in the Red 

Lake Stratigraphy. No primary depositional features are preserved in this rock. Conglomerate 

beds of 0.2 to 1.2 m thick are present in PB12-32, PB12-33, and EBL10-28 drill holes. 
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Polymictic, subrounded to flattened quartz clasts and yellowish-brown silt clasts of 0.5 to 2 cm 

size are present in the conglomerate beds. 

2.4.2 Siltstone 

Siltstone beds of variable thickness are common in Red Lake successions. Siltstones are 

massive and grey-colored, and no primary depositional features are apparent. They occur in 

outcrops and in most of the cored drill holes. 

 

Figure 2.8: (A) Sulfidic shale in association with massive chert and a thin magnetite layer in 
outcrop, (B) polished core sample showing pyrite nodules scattered in a black shale matrix; 
(D) mm-scale crenulated pyrite lamination embedded in black shale. 

 

2.4.3 Black shale  

Organic carbon-rich (TOC up to 5 %) metamorphosed carbonaceous black shale 

(technically slate) are preserved in the Red Lake successions (Afroz et al., 2023). Black shale 

occurrences are mostly massive, with no preserved sedimentary structure inside the layers. 

They are rare in outcrop due to weathering but are well-preserved in the numerous cored drill 

holes, where their thicknesses vary from a few meters to 40 m. They are mainly composed of 

quartz, feldspar, and muscovite, but are also sometimes pyrite rich. Black shales are mostly 

associated with sulfidic shale and siltstone, but in some places, they are underlain and underlain 
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by dolomitic carbonate. These black shales are clearly metamorphic product of black shale 

which accumulated with varying amounts of organic matter when sedimentation of chemical 

or other clastic sediments was absent. 

2.4.4 Sulfidic shale 

Sulfide slate, the metamorphic product of sulfidic black shale, is composed of either 

pyrite or pyrrhotite or both and is associated with black shale (Figure 2.8). They are usually 

highly weathered in outcrops but are better preserved in drill hole cores. Sub-rounded to 

rounded pyrite nodules of > 1 cm in diameter show fractured and/or coalescent appearance in 

cored drill hole samples. Generally, mm to cm-scale pyrite layers are interlayered with black 

shale or disseminated as cubes. In some places, crenulated, mm-scale, coalesced pyrite 

laminations alternate with black shale. The thickness of sulfidic shale ranges from 5 to 25 m 

and is interlayered with oxide iron formation and overlain and underlain by dolomitic 

carbonate. 
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3.1 Fieldwork 

Fieldwork in the Red Lake area was conducted for several weeks in three separate field 

seasons during the summers of 2017, 2019, and 2021. Outcrop sections along the shorelines of 

the Pancake Bay, Bridget Lake, Trout Bay, Sadler Bay, Hall Bay, and Hahn Lake areas were 

logged and layer-by-layer stratigraphic measurements of various lithofacies with any 

discernable primary sedimentary structures were documented. Outcrop samples were carefully 

collected from different lithofacies to avoid neomorphosed zones and zones of alteration. In 

addition, two < 4 m drill cores (NQ-sized) were drilled using a Shaw Backpack drill in the field 

season of 2017 in the Golden Arm area (17-GA1 and 17-GA2). Collected outcrop and short 

drill core samples were utilized for petrographic and geochemical analysis, slabbing, polishing, 

and for µXRF scanning. 

3.2 Core logging and location of the cored drill holes 

Several exploration drill holes were drilled by Goldcorp Inc. and Halo Resources Ltd. 

between 2010 and 2012 in the Red Lake area. Nine cored drill holes were donated by Goldcorp 

Inc. for this study and approximately 3000 m of PQ-sized core were logged in detail in the 

summer of 2017. Detailed section-by-section logging was performed to establish the 

stratigraphy and identify diverse lithofacies captured in these cored drill holes. I examined the 

deep-water facies during my Masters work, which resulted in the publication of an MSc thesis 

(Afroz, 2019) as well as an article in Precambrian Research (Afroz et al., 2023). For this 

doctoral thesis, sampling was extended to cover the entire stratigraphy of the Ball assemblage 

as captured in the Goldcorp Inc. exploration holes. Samples were usually taken at 1 to 2 m 

intervals from different lithofacies for petrographic and geochemical analysis as well as for 

XRF scanning.  

Three drill holes are located to the east of Bridget Lake (EBL10-27, EBL10-28, and 

EBL10-29), one (NGI10-31) is directly across from Galena Island, four of the drill holes are 
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in the Pancake Bay area (PB12-32, PB12-22, PB12-34, and PB12-35), and one (BL12-37) is 

in the Bridget Lake area (see Figure 2.2). A summary of the location, orientation, and depths 

of the nine available cored drill holes is provided in Table 3.1.  

Table 3.1  Summary of the studied Red Lake drill hole locations, orientations, and depths 

Hole Easting Northing Azimuth Dip Drilling depth 
(m) 

True vertical depth 
(m) 

PB12-32 412950 5654540 210º 42º 301  272  
PB12-33 413225 5654560 216º 43º 250  138  
PB12-34 413128 5654391 210º 44º 250  123  
PB12-35 412845 5654352 214º 40º 286  236  
BL12-37 414405 5653996 120º 45º 330  206  
EBL10-27 415838 5653986 216º 48º 396  174  
EBL10-28 415727 5653936 230º 48º 453  204  
EBL10-29 415473 5653970 215º 47º 180  61  
NGI10-31 416319  5653970 180º 51º 372  142  
 

3.3 Sample preparation 

Samples from different lithofacies such as carbonates, oxide iron formations, chert, 

black shale, sulfidic black shale, siltstone, and sandstone were taken from five cored drill holes 

(PB12-35, PB12-32, PB12-33, EBL10-28, and NGI10-31), selected to cover the entire 490 m 

of Ball assemblage stratigraphy captured by the cores, and representing approximately 800 m 

of total stratigraphy sampled, with significant sampling overlap between some cores. 

Geochemical analyses included whole-rock major, trace, and REE analysis, partial digestion 

of carbonate samples, stable carbon-oxygen isotope analysis, and in-situ multiple sulfur 

isotopes analysis. Drill core and outcrop samples were cut and outer surfaces were trimmed 

with a water-cooled diamond rock saw to obtain fresh samples without weathering surfaces. In 

addition, any rock saw traces or surfaces in contact with the drill bit were removed with coarse 

sandpaper, and samples were rinsed with distilled water and air-dried.  The dried samples were 

coarsely crushed using a pure tungsten carbide hammer-operated piston and cylinder, and then 
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powdered in an agate ring mill to <200 mesh. Samples were stored in standard air-tight plastic 

vials. Samples that are used for the different analyses are listed in Table 3.2. 

Whole-rock major, minor, and trace element analyses were executed using inductively 

coupled plasma atomic emission spectroscopy (ICP-AES) and high-resolution inductively 

coupled plasma mass spectrometry (HR-ICP-MS) at the Pôle Spectrométrie Océan (PSO) 

facilities at the European Institute of Marine Studies (IUEM), France. Carbonate carbon and 

oxygen stable isotope analyses were performed at the PSO’s IRMS stable isotope laboratory, 

while SIMS analyses were performed at the SwissSIMS facility at the University of Lausanne. 

Table 3.2  Summary of sample types and number of analyses made by ICP-AES, HR-ICP-
MS (whole-rock and carbonate leach), IRMS, and SIMS analyses. 

Sample type 

Number of samples analyzed for 
Whole-rock 
major, trace, 
and REE 
analysis (ICP-
AES and HR-
ICP-MS) 

Carbonate 
leach trace 
and REE 
analysis (HR-
ICP-MS) 

Carbonate 
carbon and 
oxygen stable 
isotope 
analysis by 
IRMS 

In-situ multiple 
sulfur isotope 
analysis by 
SIMS 

Dolostone 130 130 122  
Limestone 47 46 65  
Oxide iron 
formation 30    

Chert 13     
Sulfidic shale 15   9 Black shale 43   
Siltstone 12    
Sandstone 11    

 

3.4 Whole-rock major element analysis 

For major element analyses, approximately 250 mg of powdered samples were weighed 

into PFA vials.  Three ml of concentrated HCl (32%) and HF (40%), together with 1 ml of  

concentrated HNO3 (65%), all reagent-grade, were added to dissolve the samples overnight 

closed on a hot plate at 90°C. The next day, hot plate temperature were raised to 110° and 

samples were left for one hour, then removed to cool. After cooling, liquid samples were 
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transferred into 100 ml PFA bottles. To neutralize the excess HF and to retain Si from 

volatilizing as SiF4, 93 ml of saturated boric acid (H3BO3) solution was added as per Cotton et 

al. (1995), and samples were stored for up to a week before the analysis. Analysis was 

performed by ICP-AES using the HORIBA Ultima2 instrument of the PSO at IUEM based on 

the analytical procedure of Cotten et al. (1995). Three international geo-standards, i.e., ACE, 

JB2, and WSE, were prepared under identical conditions and used to calibrate the instrument. 

Precision expressed as relative standard deviation (RSD) for the analytical sessions was ≤1% 

for SiO2 and ≤2% for the major elements. 

3.5 Whole-rock trace element and REE analysis 

3.5.1 Total digestion 

Approximately 70 mg of powdered samples were weighed into PFA vials and digested 

using 2 ml of PFA-distilled concentrated HNO3 and 2 ml of trace-metal grade concentrated 

hydrofluoric acid (HF) in a class 1000 clean laboratory of the PSO. Closed vials were left 

overnight on hot plates at 80°C to digest and then uncapped to evaporate at the same 

temperature. Subsequently, 3 ml of HCl and 1 ml of HNO3 (aqua regia) were added to the 

samples, and the samples placed on hot plates to evaporate at 80°C. After complete 

evaporation, 4 ml of 6N HCl was added, and closed vials were left to digest overnight at 80°C. 

For trace element and REE analyses, 100μl was extracted from the digest solution and added 

to 4.9 ml of 2% HNO3 that was pre-spiked with 2 ppb Indium in 5 ml tubes for trace and REE 

analysis at low, medium, and high resolution using the ThermoFisher Scientific ElementXR 

HR-ICP-MS of the PSO. Instrument calibration was performed using commercial multi-

element solutions and the international geo-standards BHVO-2 and IF-G were used included 

in all runs to verify accuracy. Analytical precision estimated from repeat analyses of a 5 ppb 

multi-element standard throughout the runs was ~1% RSD for most elements and ~2% RSD 

for REE.  
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3.5.2 Leach digestion 

A weak leach digestion method was used to isolate trace elements in the carbonate 

fraction of carbonate samples. This method allows complete digestion of diverse carbonates 

(including dolomite) while minimizing the digestion of clays, oxides, and crystalline silicates 

present in carbonate samples, as per Rongemaille et al. (2011). Powdered carbonate samples 

(~100 mg) were digested using 2 ml of 5% trace-metal grade acetic acid in PFA vials left 

overnight at room temperature. The next day, dissolved samples were transferred into pre-

cleaned (overnight in 10% HCl) 15 ml centrifuge tubes and centrifuged at ~2000G for 5 min 

to separate the liquid phase from solid residues. 100 μl from the liquid phase was extracted and 

4.9 ml of 2% HNO3 + 2 ppb Indium was added in 5 ml tubes for the REE measurement using 

the PSO’s ThermoFisher Scientific ElementXR HR-ICP-MS operating in low, medium, and 

high resolution. Calibration was performed using commercial multi-element standards and the 

international geostandard CAL-S was included in each run.  

3.6 XRF core scanning 

To obtain continuous records of select major and trace element abundances throughout 

the diverse lithofacies, drill hole cores were scanned using a high-resolution X-Ray 

Fluorescence (XRF) core scanner (Avaatech) at IFREMER (Brest, France). The entire lengths 

of the PB12-35 and PB12-32 drill cores, and approximately 90 m sections of the PB12-33, 

EBL 10-28, and NGI10-31 drill cores, were scanned. XRF core scanning provides semi-

quantitative elemental composition data at cm to mm scales, which were inter-calibrated in this 

study with whole-rock ICP-AES and -MS data to obtain high-resolution quantitative profiles 

of elemental composition. Core sections not exceeding 1.5m in total length were covered with 

x-ray transparent ultralene film and fixed in custom-made PVC supports using putty. Helium 

was flushed at the interface between the sample and the moving detector head to increase 

sensitivity and X-ray transmission. A dual-scan approach at different energy levels was 
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employed: first, a 10 keV scan for the analysis of lighter elements (Al, Si, K, Ti, Ca, Mg, P, S, 

Cr, Mn, and Fe), followed by a pass at 30 keV to analyze heavier elements (Ni, Sr, Rb, Zn, and 

Zr). The instrument was programmed for 10 sec acquisitions per step, with variable step sizes 

adjusted according to lithology, ranging from 2 cm to 10 cm. The XRF data obtained from the 

different lithofacies were calibrated against the whole-rock major and trace element data 

obtained from acid digestion using the AvaaXelerate program (Weltje and Tjallingii, 2008), 

which generates quantitative XRF concentration datasets using a log-ratio calibration model. 

This involves a computer-optimized sub-sampling of available calibration points by the 

software, with optimal calibration points algorithmically selected from the high-precision 

whole-rock ICP-AES and HR-ICP-MS datasets.  

3.7 µXRF scanning 

A Bruker M4 Tornado µXRF spectrometer was used to scan small pieces of core and 

slabbed samples, up to ~15 x 25 cm in surface area, to obtain maps of the spatial distribution 

of elements in the samples. This technique enables the rapid visualization of the spatial 

distribution of many major and trace elements, depending on natural abundances in the sample 

and the X-Ray fluorescence responses of the different elements. Spot sizes of 30 µm and dwell 

times of 4 ms per pixel were employed for high spatial resolution across large samples, 

generating element maps of up to 2000 x 3000 pixels over a maximum scanning time of about 

6 hours. X-ray tube excitation energies of 50 kV and 600 µA were employed for rapid signal 

acquisition and the chamber was pumped to a vacuum of 20 mbar to enhance the detection of 

light elements. All data reduction was performed in the Bruker M4 Tornado software package.  

3.8 Carbonate carbon and oxygen stable isotope analysis 

A total of 187 dolostones and limestone samples were analyzed for their carbon and 

oxygen stable isotope composition. Powdered carbonate samples (200 to 250 µg) were weighed 

using a precision microbalance and placed into small glass vials. Inside the Kiel IV carbonate 
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device, the glass vials were placed in a carousel along with similarly prepared standards. Four 

drops of 100% phosphoric acid (H3PO4) were added and the reaction was performed at 72ºC. 

The released CO2 and H2O gases were cryogenically trapped using liquid nitrogen (-192°C) 

and the residual products were emptied by vacuum pumping at the end of the reaction. The 

cryogenically trapped gases were warmed to -90°C to release CO2 in gaseous form and again 

transferred to liquid nitrogen to be concentrated. To analyze the stable isotope composition of 

carbon and oxygen, the viscous purified CO2 then flowed via capillary into a dual-inlet 

ThermoFisher MAT 253 gas source mass spectrometer at the PSO’s IRMS stable isotope 

laboratory at the European Institute of Marine Studies (IUEM). 

The international standards NBS-18, NBS-19, and the internal standard CAMIL-21 

were used to calibrate the δ13C and δ18O isotope compositions. The isotopic ratios, expressed 

in delta notation (δ), were calculated by the following equation, and results are reported in per 

mille units (‰) relative to the VPDB standard (Vienna Pee Dee Belemnite), according to: 

𝛿	= [(𝑅𝑠/𝑅𝑠𝑡𝑑) - 1] ×1000 ‰ 

where R = 13C/12C or 18O/16O; Rs = Measured ratio in the sample, and Rstd = Ratio of the 

standard. 

3.9 In-situ multiple sulfur isotope analysis 

A 10 m sulfidic shale horizon containing abundant pyrite and pyrrhotite in the NGI10-31 

hole was selected for multiple sulfur isotope analysis. Nine samples placed in five epoxy-

mounted 25 mm disks were analyzed by secondary ion mass spectrometry (SIMS) at the 

SWISSIMS facility at the Institut des Sciences de la Terre, Université de Lausanne. To 

characterize multiple sulfur isotope compositions of the samples, 150 spot analyses were 

obtained using the SwissSIMS Cameca IMS1280HR of the SWISSims facility by simultaneous 

measurements of 32S, 33S, 34S, and 36S in multi-collection mode with three Faraday cups. Six 

pyrite standards (Maine, Balmat, Ruttan, Son, Pyr, and Spain; Muller et al., 2017) and the 
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pyrrhotite standard Anderson were used to constrain instrumental mass fractionation. The 

internal precision was ±0.05‰ for δ34S (2σ) and ±0.03‰ for δ33S (2σ). The external precision 

was ±0.40‰ (2σ) for δ34S and ±0.1‰ (2σ) for Δ33S.  

The isotopic compositions δ34S, ∆33S, and ∆36S were calculated using the following equations: 

δ34S = [(34S/32S) sample / (34S/32S) VCDT] -1 * 1000 

∆33S = δ33S - [(1+ δ34S/1000)0.515 -1] * 1000 

∆36S = δ36S - [(1+ δ34S/1000)1.9 -1] * 1000 

3.10 Loss on ignition analysis 

 Loss on ignition of samples was obtained using 600 to 800 mg of powdered samples 

weighed before and after heating to 550ºC to remove organic carbon and 1050ºC to volatilize 

the inorganic carbonate fraction of the samples. This analysis was done using a microbalance 

and the CARBOLITE GERO (30-3000ºC) furnace at the European Institute of Marine Studies 

(IUEM), France. 

3.11 X-ray diffraction (XRD) 

X-ray diffraction analyses were performed for mineral identification and to determine the types 

and proportions of carbonate minerals present in selected samples. Powdered samples were 

dried at 110ºC and analyzed in a Bruker D8 Advance X-ray diffractometer with Bragg-

Brentano geometry at the Géosciences Marine Unit, IFREMER (Brest, France). The instrument 

is equipped with a Cu X-ray tube and a VANTEC-1 position-sensitive detector. Analytical 

conditions consisted of a scan from 5º to 70º in 0.01º steps with 1 second acquisition times per 

step. Voltage and amperage were 40 kV and 30 mA, respectively, and a nickel filter was 

employed. Qualitative analyses of the diffraction patterns were carried out using the 

identification phase procedure of Bruker’s EVA software, and quantitative analyses were 

performed according to the Rietveld refinement method as implemented by Bruker’s TOPAS 

software. 



Chapter 3: Methodology 

 78 

3.12 Petrographic analysis 

Thin sections were made from selected lithofacies samples at the Geo-Ocean 

Laboratory’s thin section laboratory. Thin sections were examined under reflected and 

transmitted light and digital photographs were taken under plane-polarized light (PPL) and 

cross-polarized light (XPL) using an Olympus DP-70 petrographic microscope.  
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ABSTRACT 

The 2.87 Ga carbonate platform of the Ball Assemblage in the Red Lake Greenstone 

Belt (Red Lake, Ontario, Canada) preserves the Earth’s oldest known large accumulation of 

carbonates (>200 m) associated with various chemical and siliciclastic sedimentary rocks. Its 

study presents a unique opportunity to fill important knowledge gaps regarding carbonate 

platform sedimentation and ocean chemistry on the early Earth. We present here whole rock 

geochemical analyses including major, trace, and rare earth element (REE) compositions of 

diverse lithofacies from five cored drill holes that provide a high-resolution chemostratigraphy 

of this important deposit, spanning shallow water carbonates to offshore fine-grained 

siliciclastic and chemical sedimentary rocks. The geochemical data of siliciclastic lithologies 

show moderate degrees of chemical weathering and siliciclastic supply derived from both felsic 

and mafic rocks. Enrichment in redox-sensitive trace elements (i.e., Mo, V, U, and Cr) is 

significant in both carbonates and iron formations. The source of these elements is interpreted 

to be predominantly the weathering of crustal material and marine hydrothermal inputs that 

were in some cases subject to redox cycling under mildly oxic water column conditions. Post-

Archean Australian Shale (PAAS)-normalized REE systematics of the Red Lake carbonate 

rocks and iron formations exhibit signatures typically attributed to anoxic and hydrothermally 

influenced Archean ocean conditions, including a general lack of pronounced Ce anomalies 

and strong positive Eu anomalies, but otherwise show several characteristics of modern 

seawater, including supra-chondritic Y/Ho ratios, positive La anomalies, positive Gd 

anomalies, and heavy REE enrichment relative to light REE. While the observed trace metal 

enrichments have multiple possible interpretations, the occasional presence of oxygen in the 

depositional environment is strongly implied by the positive Ce anomalies associated with Mn 

enrichment in several horizons, as well as less abundant samples of deep water limestone 

showing mild negative Ce anomalies. Positioned at a critical time in the Mesoarchean when 
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thick carbonate platforms make their first appearance in the rock record, this study reveals a 

sedimentary environment characterized by variable sediment sources with localized significant 

weathering, fluctuating sea level, and dynamic ocean chemistry, including mild oxygenation 

recorded in both carbonate and iron formation.  
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4.1 Introduction 

Carbonate platforms are excellent archives of information about the early Earth, 

providing valuable clues about ancient paleoenvironments, biogeochemical cycling, diagenetic 

processes, and the chemical and isotopic composition of contemporaneous fluids (Kamber and 

Webb, 2001; Webb and Kamber, 2000). However, carbonate platforms are largely absent in 

the sedimentary record before 2.96 Ga and gradually occurred in greater abundance and 

thickness in the late Mesoarchean and throughout the Neoarchean. For example, the 

Mesoarchean 2.96 Ga Chobeni Formation of the Pongola Supergroup in South Africa preserves 

a 50 m thick carbonate succession (Beukes and Lowe, 1989; Siahi et al., 2016) while the ca. 

2.58-2.52 Ga Neoarchean Campbellrand-Malmani carbonate platform of South Africa reaches 

up to 2 km of thickness (Beukes, 1987; Kamber and Webb, 2001; Knoll and Beukes, 2009; 

Sumner, 1996; Sumner and Grotzinger, 1996). The Campbellrand-Malmani carbonate platform 

is one of the most well-studied Archean carbonate platforms and has provided multi-faceted 

insight into sedimentary processes, ancient microbial life, biogeochemistry, and water 

chemistry (Beukes, 1987; Eroglu et al., 2017; Fischer et al., 2009; Kamber and Webb, 2001; 

Knoll and Beukes, 2009; Sumner, 1996; Sumner and Grotzinger, 2004, 1996). Between 2.96 

Ga and 2.58 Ga, several carbonate platforms were preserved in progressively greater thickness 

in the rock record, including the 2.86 Ga Woman Lake carbonate platform (~90 m-thick) in 

Ontario, Canada (Hofmann, 1981; Ramsay, 2020; Thurston, 1980; Walter, 1983) and the 2.80 

Ga Mosher Carbonate (500 m-thick) of the Steep Rock Group in northwestern Ontario, Canada 

(Fralick and Riding, 2015; Riding et al., 2014). However, the oldest known Mesoarchean 

platform is preserved in the Ball Assemblage of the Red Lake Greenstone Belt, northwestern 

Ontario, Canada (Figure 4.1). While this deposit was originally thought to have been deposited 

between 2.925 and 2.940 Ga based on TIMS U-Pb ages from zircons isolated from the volcanic 

units immediately above and below the sedimentary package at Red Lake (Corfu and Wallace, 
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1986), a new LA-ICP-MS U-Pb age of ca. 2.87 Ga was recently obtained from zircons isolated 

from a tuffaceous interval interlayered within the itself carbonate (Patry et al., in review). This 

new data necessitates a downward revision of the age of the Ball Assemblage, the carbonates 

preserved here nonetheless still represent the oldest known occurrence of a thick (>100 m) 

carbonate platform on Earth. 

The >200 m thick Red Lake carbonate platform is predominantly composed of 

stromatolitic dolostone with some massive limestone. This thick carbonate platform is capped 

by volcanic rocks and interlayered with assemblages of chert-iron formation, black shale-

sulfidic shale, and siltstone-sandstone spanning an additional thickness of 250 m. The various 

assemblages of shallow- to deep-water lithofacies have made the Red Lake platform the only 

known occurrence in the Mesoarchean where juxtaposed shallow and deep water chemical 

strata are preserved together. Hofmann et al. (1985) first documented the presence of 

stromatolites and crystal fans (“atikokania”) at the Red Lake carbonate platform. From outcrop 

studies, McIntyre and Fralick (2017) described stromatolites deposited in the shallow water 

environment and their geochemistry (major-trace-REE, and C, O, and Sr isotopic 

compositions) while the lithofacies and geochemistry (major-trace-REE) of deep water 

environment were studied by (Afroz et al., 2023) from both outcrop and core data. However, 

geochemical data in stratigraphic context remains limited despite the important place of this 

unique deposit in the history of carbonate platform sedimentation on Earth.  

The aim of this study was to establish a continuous record of geochemical profiles 

including major elements, redox-sensitive trace elements, and rare earth elements of diverse 

lithofacies from five cored industry drill holes transecting the carbonate platform (Figure 4.1) 

to capture temporal and spatial marine chemical dynamics as well as the provenance of 

siliciclastic materials deposited in the Red Lake basin. Our analyses significantly augment  
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Figure 4.1: (A) Geological map of the Red Lake carbonate platform with an inset showing the 
Red Lake Greenstone Belt (red square) location in the Canadian Shield. Dips are sub-vertical 
with regional younging to the south. Modified after Sanborn-Barrie et al., 2004. (B) 
Stratigraphic profiles and correlations were prepared from the nine cored drill holes. Chemical 
sedimentary rocks alternate with siliciclastic rocks, with shallow water stromatolitic carbonate 
overlying and underlying other lithologies deposited in deeper water. The X to X¢ and Y to Y¢ 
lines show the correlation lines between the PB12-35 and the PB12-34 holes and the PB12-32 
and the NGI10-31 holes, respectively. The horizontal distance of the stratigraphic columns in 
the figure represents the approximate drill collar positions from west to east (modified after 
Afroz et al., 2023). 
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previously published geochemical datasets (Afroz et al., 2023; McIntyre and Fralick, 2017) 

and are now placed a stratigraphic correlation framework constructed from nine drill hole cores 

which recorded repeated transitions from shallow water carbonates to offshore deeper water 

platform lithofacies that span a remarkable diversity of sedimentary environments. The top-to-

bottom chemostratigraphic study of this unique sedimentary package was thus undertaken to 

provide new insight into coeval ocean chemistry in a variety of Mesoarchean marine 

environments at the dawn of extensive carbonate sedimentation on Earth.  

4.2 Geological setting  

The Red Lake Greenstone Belt (RLGB) is located in Superior Province, the largest 

known Archean craton in the world, representing about 23% of the exposed Archean crust of 

the Earth (Thurston et al., 1991). The Superior Province is divided into several subprovinces, 

including the Uchi subprovince which comprises a series of Mesoarchean to Neoarchean 

(3000-2700 Ma) rocks (Corfu and Wallace, 1986; Fralick and Burton, 2008). The Red Lake 

carbonate platform occurs within the Ball assemblage of the Uchi subprovince (Sanborn-Barrie 

et al., 2001, 2000), which has undergone greenschist to lower amphibolite facies (300º-550º C) 

metamorphism (Corfu and Wallace, 1986; Thurston and Breaks, 1978). Supracrustal rocks of 

the Uchi subprovince include Mesoarchean mafic tholeiitic-komatiitic-carbonate oceanic 

platform sequences to Neoarchean basaltic-andesitic-rhyolitic calc-alkalic and tholeiitic 

volcanic arc sequences and with associated chemical and clastic sedimentary rocks (Card, 

1990; Card and Ciesielski, 1986; Corfu and Wallace, 1986; Hofmann et al., 1985; Hollings et 

al., 1999; Pirie, 1981; Sanborn-Barrie et al., 2001, 2000). The Mesoarchean carbonate platform 

in the Red Lake area, in addition to dolomitic carbonate with stromatolitic and domal features 

and deeper water calcitic carbonate, is also comprised of chert, magnetite-rich iron formation, 

black shale, siltstone, sandstone, and conglomerate (McIntyre and Fralick, 2017). The 

carbonates are predominantly composed of stromatolitic dolostone, with massive limestone 
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occurring at the easternmost (Hahn Lake, Golden Arm) and westernmost (Pancake Bay) 

exposures. Volcanic rocks overlie and underlie the 450 m thick assemblage of sedimentary 

rocks. The age of the platform is constrained by U-Pb dating of zircons from the enclosing 

volcanics, specifically an overlying rhyolitic flow and underlying rhyolitic lapilli tuff that is 

dated to 2940 ± 2 Ma and 2925 ± 3 Ma ago, respectively (Corfu and Wallace, 1986). However, 

a recent LA-ICP-MS U-Pb ages from zircons isolated from a tuffaceous interval interlayered 

with the carbonate constrain deposition to ca. 2.87 Ga (Patry et al., in review).  

4.2.1 Drill hole locations  

Cores were examined from five PQ-sized exploration drill holes completed between 

2010 and 2012 by Goldcorp Inc. and Halo Resources in the Red Lake area, with their collar 

locations shown in Figure 4.1. Furthermore, two NQ-sized short drill cores (<4 m) were drilled 

in the field in 2017 in the Golden Arm area (17-GA1 and 17-GA2) using a Shaw Backpack 

drill. Detailed information on all drill holes (coordinates, inclinations, azimuths, dips, drilling 

depth, and true stratigraphic depth) is provided in Table 3.1 in Chapter 3. All depths are 

reported as true stratigraphic depth. 

4.3 Methodology 

Approximately 3000 m of core from nine drill holes was logged in detail. Among the 

nine drill holes, five drill holes were selected to obtain chemostratigraphic profiles throughout 

the platform. A total of 520 samples from approximately 800 m of cores from PB12-35, PB12-

32, PB12-33, EBL10-2, and NGI10-31 drill holes were taken for geochemical analysis. 

Generally, samples were taken at 1 to 2 m intervals from different lithofacies including 

carbonates, oxide facies iron formations, chert, black shale, sulfidic black shale, siltstone, and 

sandstone. These samples were analyzed for whole rock major, minor, and trace elements using 

inductively coupled plasma atomic emission spectroscopy (ICP-AES) and high-resolution 



Chapter 4: Chemostratigraphy of the Red Lake Carbonate Platform 

 89 

inductively coupled plasma mass spectrometry (HR-ICP-MS) at the Pôle Spectrométrie Océan 

(PSO) facilities at the European Institute of Marine Studies (IUEM), France. Drill core samples 

were cut and surfaces in contact with the drill bit were removed with a water-cooled diamond 

rock saw, and any rock saw traces were then removed with coarse silicon carbide abrasive 

paper. Samples were rinsed with distilled water, crushed using a pure tungsten carbide 

hammer-operated piston and cylinder, and then powdered in an agate ring mill.  

For major elements, powdered samples (250 mg) were weighed into PFA vials and 1 

ml of reagent-grade concentrated HNO3 (65%), 3 ml of concentrated HCl (32%), and 3 ml of 

concentrated HF (40%) were added. Samples were left sealed on hot plates to dissolve at 90°C 

for a day and then at 110° for an hour. Liquid samples were rapidly transferred into 100 ml 

PFA bottles and 93 ml of a saturated boric acid solution (H3BO3) was added to neutralize the 

excess HF and retain SiO2 from volatilizing. Bottled samples were set aside for a week to 

ensure the complete neutralization of the HF before the analysis. Three international geo-

standards, ACE, JB2, and WSE were used to calibrate the data. The relative standard deviation 

was ≤2% for the major elements and ≤1% for SiO2. Analyses were performed by inductively 

coupled plasma-atomic emission spectrometry (ICP-AES) using the HORIBA Ultima2 

instrument of the PSO at IUEM based on the analytical procedure of Cotten et al. (1995). 

All preparations for HR-ICP-MS were performed in class 1000 clean labs of the PSO. 

Approximately 70 mg of powdered samples were weighed into PFA vials and 2 ml of PFA-

distilled concentrated HNO3 and 2 ml of trace-metal grade concentrated hydrofluoric acid (HF) 

were added. Vials were left sealed overnight on hot plates at 80°C to digest, followed by 

evaporation at 80°C. 3 ml of HCl and 1 ml of HNO3 (aqua regia) were added and the samples 

were left overnight on hot plates to evaporate at 80°C. After evaporation to dryness, 4 ml of 

6N HCl was added, and the samples were left closed overnight with heating at 80°C. Finally, 

100μl was extracted from the liquid phase and added to 4.9 ml of 2% HNO3 pre-spiked with 2 
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ppm Indium in 5 ml tubes for analysis at low, medium, and high resolution using the 

ThermoFisher Scientific ElementXR HR-ICP-MS at the PSO. Instrumental drift at each 

resolution was corrected by normalizing to the average indium value of the session, detection 

limits were determined by the average values of the 2% HNO3 rinses that were passed and 

analyzed between each sample, and concentrations were established using a range of multi-

element standards measured at the beginning and end of the sessions. The 5 ppb multi-element 

standard was further analyzed for every ~8-10 sample to constrain precision, and the 

international geo-standards BHVO-2 and IF-G were systematically included in the sample 

series as unknowns, which constrained precision and accuracy to better than 5% (1 relative 

standard deviation, RSD) for most elements and better than 2% RSD for REE. The geochemical 

data for whole rock major, trace, and REE is tabulated in Appendix A.1, A.2, and A.3, 

respectively. 

Weak leach digestions were used to isolate trace elements in the carbonate fraction from 

the carbonate samples. The method we employed has been shown to fully digest diverse 

carbonates (including dolomite) while minimizing the digestion of clays, oxides, and 

crystalline silicates present in carbonate samples (Rongemaille et al., 2011). After weighing 

the powdered samples (~ 100 mg) in PFA vials, 2 ml of 5% trace-metal grade acetic acid was 

added to the samples and left overnight at room temperature. The next day, the dissolved 

samples were transferred into 15 ml centrifuge tubes and centrifuged at ~2000G for 5 min to 

separate the solid and liquid phases. From the liquid phase, 100 μl samples were extracted and 

diluted into 4.9 ml of 2% HNO3 + Indium in 5 ml tubes for HR-ICP-MS analysis as described 

above for Total Digestion analyses. The geochemical data of weak leach digested samples is 

presented in Appendix A.4 and A.5. 

The entire drill core lengths of PB12-35 and PB12-32, an approximately 85 m section 

of PB12-33, a 90 m section of EBL 10-28, and a 95 m section of NGI10-31 were scanned using 
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a high-resolution X-ray Fluorescence (XRF) core scanner (Avaatech) at IFREMER (Brest, 

France) to obtain more continuous records of major and trace element abundances throughout 

the different lithologies. This provided semi-quantitative elemental compositions that were 

then calibrated against whole-rock ICP-AES and -MS data. First, fragmented core sections 

were wrapped with x-ray transparent ultralene film and fixed in custom-made PVC supports 

using putty. For better x-ray transmission and increased sensitivity, helium was flushed at the 

interface between the sample and the moving detector head. The instrument was configured 

for step sizes ranging from 2 cm to 10 cm, with 10-sec acquisitions per step. Two sets of scans 

with different energy levels were completed: a 10 keV scan was used for the analysis of lighter 

elements (Al, Si, K, Ti, Ca, Mg, P, S, Cr, Mn, and Fe) while a 30 keV scan was used for heavier 

elements (Ni, Sr, Rb, Zn, and Zr). Based on a set of pre-selected elements, the raw XRF data 

were baseline-corrected and all the XRF peaks were fitted iteratively for their areas using 

WinAxil. The XRF data of the different lithofacies were then calibrated against the major and 

trace element data obtained from the bulk rock acid digestion using the log-ratio calibration 

model of the AvaaXelerate program (Weltje and Tjallingii, 2008) to produce quantitative 

datasets that were directly comparable to the higher precision whole-rock measurements. 

4.4 Results 

4.4.1 Stratigraphy of the Red Lake carbonate platform 

The surface expression of the Red Lake carbonate platform is approximately 14 km wide 

from east to west. While the stratigraphy of the platform is best constrained by the drill holes 

(Figure 4.1B), lithofacies examination and validation on outcrops were also performed. The 

drill holes are located in four different areas on the west end of Red Lake (Figure 4.1A). The 

carbonate lithofacies were described by McIntyre and Fralick (2017), and the deeper subtidal 

chemical and siliciclastic sedimentary rocks were described by Afroz et al. (2023).  
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The >200 m thick carbonate package has a predominance of stromatolitic dolostones in 

every drill hole, corresponding to its abundance in outcrop, whereas subordinate occurrences 

of limestone are captured only in the PB12-35 and PB12-34 holes and at the easternmost (Hahn 

Lake, Golden Arm) and westernmost (Pancake Bay) outcrop exposures. The stromatolitic 

dolostones show biogenic features in both outcrop and drill core and are variably silicified (see 

McIntyre and Fralick, 2017, for detailed stromatolite descriptions), whereas the limestones 

show no visible macroscopic biogenic features, are diffusively banded, are highly 

recrystallized with a massive appearance, and are rarely silicified. Previous studies indicate 

that the dolostones have a shallow water origin, whereas the limestones have deeper water 

origins. This is especially evident from the latter’s close associations with carbonaceous shale 

(Afroz et al., 2023; McIntyre and Fralick, 2017). In addition to the dominant dolostone and 

limestone units, minor beds of carbonate-associated magnetite and slumped carbonate are 

preserved in outcrops along the shoreline of Hall Bay, which are interpreted as transitional 

facies between the shallow water carbonate facies and deeper-water oxide facies iron formation 

and shale (Afroz et al., 2023). Oxide facies iron formation and chert are preserved in both 

outcrops and drill holes, primarily in the NGI10-31 and EBL10-27 holes, and to a lesser extent 

in the EBL10-29, BL12-37, and PB12-32 holes. Chert also occurs in the other drill holes 

without association with magnetite, and massive chert up to 30 cm thick appears in outcrops 

(Afroz et al., 2023). Sulfidic shale is common in the NGI10-31, EBL10-27, and PB12-32 holes 

in association with black shale. Except for EBL10-28, EBL10-29, and BL12-37 holes, all drill 

holes contain black shales which are occasionally pyrite-rich, though due to its fissile nature 

black shale is uncommon in outcrop. The deeper water assemblages (oxide facies iron 

formation, chert, sulfidic shale-black shale) overlying and underlying the shallow water 

stromatolitic dolostones in drill holes suggest that important fluctuations in relative sea level 

occurred over the depositional history.  
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The drill hole correlations (Figure 4.1B) reveal the overarching stratigraphy of the Red 

Lake carbonate platform and a record of diverse and cyclic sedimentation. The sandstones 

forming the base of the sedimentary succession are transitional upward into stromatolitic 

dolostones whose deposition is interrupted by a package of fine-grained siliciclastics at 

approximately 60 m above the highest sandstone. This is overlain by stromatolitic dolostone, 

which thickens to the west, and then a package dominated by chert and oxide facies iron 

formation, which thickens to the east. The middle area of the platform consists of interlayered 

packages of siliciclastics, which are thickest in the west, and stromatolitic dolostone. The upper 

portion has similar interlayering, but with significant limestone, and stromatolites become far 

less common.  

4.4.2 Chemostratigraphy of redox-sensitive trace and rare earth elements 

4.4.2.1 Chemostratigraphy of the PB12-35 drill hole 

4.4.2.1.1 Redox-sensitive trace element compositions of PB12-35  

Redox-sensitive element (RSE) compositions normalized with chemically immobile elements 

(i.e., Al, Ti) provide important insights into the enrichment of RSE in different lithofacies. The 

Al-normalized RSE profiles are displayed in Figure 4.2A where the dashed black line 

represents the Al-normalized average shale values of Red Lake. Variable enrichment of Cr in 

the carbonates is observed in this hole, with the lower 80 m and uppermost sections displaying 

significant enrichments. Limestones have higher Cr enrichments than dolostones.  The V 

enrichment trends in the carbonates are somewhat similar to Cr enrichments, except dolostone 

systematically shows higher enrichment than limestone. Mo enrichment is more subdued in the 

lower 80 m of the drill hole compared to Cr, V, and U. However, it is more pronounced in the 

uppermost portion of the carbonate platform. U enrichment is higher in limestone than 

dolostone throughout the profile. Where it attains higher values in the lower 80 m, directly  
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Figure 4.2: (A) Al-normalized redox-sensitive element profiles of the PB12-35 hole. The 
dashed black line represents the Al-normalized average shale values of Red Lake. Division by 
Al allows separation of samples from the general trend that contain larger amounts of a redox-
sensitive element than expected to be present in its siliciclastic component. All redox-sensitive 
elements have higher than average concentrations near the bottom and near the top of the hole. 
(B) PAAS-normalized rare earth element profiles of core from the PB12-35 hole. Limestones 
have higher Y/Ho and La/La* values than dolostones. Two limestone samples show negative 
Ce (Pr/Pr*) anomalies while a few limestone samples display mild positive Ce (Pr/Pr*) 
anomalies. All lithofacies exhibit Eu/Eu* and Gd/Gd* anomalies. 
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above the thick carbonaceous shale unit, as well as in the uppermost portion of the hole, U 

shows similar behavior to the other RSE investigated. 

4.4.2.1.2 Rare earth element compositions of PB12-35 

Post-Archean Australian Shale (PAAS)-normalized REE profiles from the PB12-35 

hole are displayed in Figure 4.2B (PAAS source data and the equations used for the various 

REE proxy indicators La/La*, Ce/Ce*, Pr/Pr*, Eu/Eu*, Gd/Gd*, and Y/Ho, are detailed in 

section 5.4). Y/Ho ratios vary widely throughout this hole. Limestones have higher Y/Ho ratios 

and more pronounced La anomalies than dolostones. The Y/Ho ratios for limestones and 

dolostones range from 50 to 142 and 39 to 80, respectively. La anomalies are also elevated in 

limestone (1.12 to 2.62) compared to dolostone (1.00 to 1.53) and black shale (0.91 to 1.04). 

Two of the limestone samples exhibit true negative Ce anomalies, at 20 m (Pr/Pr*=1.09) and 

158 m (Pr/Pr*=1.13) depth, while one sample at 35 m and a cluster of samples above the thick 

shale interval display true mild positive Ce anomalies. Limestones contain positive Eu 

anomalies that vary from 1.59 to 6.62. Dolostones and black shales have smaller positive Eu 

anomalies ranging from 1.71 to 4.32 and 1.21 to 1.97, respectively. Positive Gd anomalies are 

present in all lithofacies, ranging from 1.07 to 1.80. 

4.4.2.2 Chemostratigraphy of the PB12-32 drill hole 

4.4.2.2.1 Redox-sensitive trace element compositions of PB12-32 

Figure 4.3A shows the Al-normalized RSEs with a dashed black line representing the Al-

normalized average shale values of Red Lake. The Al-normalized redox-sensitive element 

profile shows a significant Cr enrichment in dolomite and chert associated with the iron 

formation intervals. Slight enrichment of V is present at stratigraphic intervals similar to those 

at which Cr enrichment occurs. Uranium enrichment is similar to Mo, occurring near the base 

of the hole.  
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Figure 4.3: (A) Al-normalized redox-sensitive element profiles of the PB12-32 hole. The 
dashed black line represents the Al-normalized average shale values of Red Lake. Enrichment 
in Cr and V, and to a lesser degree Mo and U, occur near the base on the carbonate succession 
above the thick succession of sandstone. More prominent enrichments in Cr and V are 
associated with the iron formations.  (B) PAAS-normalized rare earth element profiles of core 
from the PB12-32 drill hole. Elevated Y/Ho and La/La* values in addition to positive Ce 
anomalies are associated with the iron formation horizons. Eu/Eu* and Gd/Gd* anomalies are 
common for all lithofacies. 
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4.4.2.2.2 Rare earth element compositions of PB12-32 

Depth profiles of PAAS-normalized REE proxies for the PB12-32 hole are shown in 

Figure 4.3B. In this hole, dolostone and oxide facies iron formation have higher Y/Ho than 

other lithofacies and reach their greatest values in association with one another. The ranges of 

Y/Ho ratios for the lithofacies are dolostone (41 to 97), oxide facies iron formation (43 to 78), 

chert (37 to 44), black shale (27 to 30), siltstone (28 to 31), and sandstone (27 to 30). Strong 

positive La anomalies are present in oxide facies iron formation (mean 2.11, maximum 2.43) 

and associated dolostone (mean 1.43, maximum 2.26), mimicking the elevated Y/Ho 

anomalies. La anomalies are markedly lower in other lithofacies: chert (1.21 to 1.24), black 

shale (0.86 to 0.94), siltstone (0.84 to 1.03), and sandstone (0.86 to 1.09). Importantly there is 

greater scatter in the Y/Ho and La/La* values of the limestones in hole PB12-35 than dolomites 

in hole PB12-32. Only the oxide facies iron formations display positive Ce anomalies, while 

the rest of the lithofacies have no appreciable Ce anomalies. All lithofacies have positive Eu 

anomalies, with higher ones in dolostone and chert, 1.69 to 3.99 and 2.53 to 2.99 respectively, 

while the other lithofacies have Eu anomalies ranging from oxide iron formation = 1.46 to 2.76, 

black shale = 1.39 to 2.34, siltstone = 1.64 to 2.20, and sandstone = 1.60 to 2.19. All lithofacies 

show Gd anomalies ranging between 1.07 and 1.43. Eu/Eu* and Gd/Gd* have somewhat less 

scatter in the carbonate samples from hole PB12-32 than those from hole PB12-35. 

4.4.2.3 Chemostratigraphy of the PB12-33 drill hole 

4.4.2.3.1 Redox-sensitive trace element compositions of PB12-33 

The Al-normalized RSE profiles are displayed in Figure 4.4A where the dashed black 

line represents the Al-normalized average shale values of Red Lake. Very little Al-normalized 

redox-sensitive element data is available in this hole since Al2O3 concentrations were below 

the detection limit. However, a few dolostone samples show notable enrichments in Cr, V, Mo, 

and U at 85 m and 130 m depths, respectively.  
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Figure 4.4: (A) Al-normalized redox-sensitive element profiles of the PB12-33 hole. The 
dashed black line represents the Al-normalized average shale values of Red Lake. Very little 
Al-normalized redox-sensitive element data is available in this hole because of Al2O3 
concentrations that were often below the detection limit. A few dolostone samples display 
enrichments in Cr, V, Mo, and U. (B) PAAS-normalized rare earth element profiles of PB12-
33 hole show more elevated Y/Ho ratios and La/La* anomalies in dolostones than the rest of 
the lithofacies. No Pr/Pr* anomalies are preserved and all lithofacies show important Eu/Eu* 
and Gd/Gd* anomalies. 
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4.4.2.3.2 Rare earth element compositions of PB12-33 

Figure 4.4B displays the Post-Archean Australian Shale (PAAS)-normalized REE 

profiles of the PB12-33 hole. The average Y/Ho ratios for dolostones and black shales are 55 

and 28, respectively. Anomalies of La and Eu in dolostones vary from 0.98 to 1.84 and 2.51 to 

4.12, respectively, while in black shales they vary from 0.84 to 0.98 and 1.30 to 1.68, 

respectively. No Ce anomalies are preserved in both lithofacies. The average value of Gd 

anomalies in dolostone is 1.25 while in black shale it is 1.18. 

4.4.2.4 Chemostratigraphy of the EBL10-28 drill hole 

4.4.2.4.1 Redox-sensitive trace element compositions of EBL10-28 

The Al-normalized RSE profile (Figure 4.5A) shows that normalization of the redox-

sensitive elements with Al for most of the samples was not possible because of Al2O3 

concentrations that were generally below the detection limit. It is thus difficult to examine 

possible enrichments in RSE with such a small dataset.  

4.4.2.4.2 Rare earth element compositions of EBL10-28 

PAAS-normalized REE profiles for EBL10-28 are displayed in Figure 4.5B. 

Dolostones show high Y/Ho values, ranging from 43 to 92, while chert and siliciclastic 

intervals have Y/Ho ratios varying from 33 to 46 and 28 to 34, respectively. Dolostone and 

chert have pronounced positive La anomalies (1.32 to 2.16) compared to siliciclastics (0.96 to 

1.09). Ce anomalies are absent in this hole, and Ce/Ce* ranges from 0.96 to 1.02 and 1.01 to 

1.04 for dolostone-chert and clastic lithologies, respectively. Eu anomalies in dolostone, chert, 

and siliciclastic successions range from 2.43 to 5.53, 1.48 to 2.39, and 1.48 to 2.72, 

respectively. Siliciclastic samples and dolostones have Gd anomalies ranging from 1.19 to 1.42 

and 0.99 to 1.30, respectively. A few chert samples show an absence of Gd anomalies at 130 

m depth. 
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Figure 4.5: (A) Al-normalized redox-sensitive element profiles of the EBL10-28 hole. The 
dashed black line represents the Al-normalized average shale values of Red Lake. Data are 
insufficient to assess possible enrichment of RSE because Al2O3 concentrations were often 
below detection. (B) PAAS-normalized rare earth element profiles from the EBL10-28 hole. 
Dolostone samples exhibit elevated Y/Ho ratios and La/La* anomalies. All lithofacies lack 
Pr/Pr* anomalies but show important Eu/Eu* and Gd/Gd* anomalies. 
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4.4.2.5 Chemostratigraphy of the NGI10-31 drill hole 

4.4.2.5.1 Redox-sensitive trace element compositions of NGI10-31 

The Al-normalized RSE profiles are displayed in Figure 4.6A where the dashed black 

line represents the Al-normalized average shale values of Red Lake. The bottom part of the 

dolostone unit shows Cr enrichment, and slight Cr enrichment is also evident near the top of 

this unit. Iron formation displays enrichment in Cr near the lowest occurrence. There is no 

noticeable enrichment in V except for one dolostone sample at 13 m depth which shows an 

anomalously high V content. The bottom 20 m section of the dolostone unit shows a slight 

increase in Mo content while the uppermost section is below the detection limit for Mo. There 

is no important U enrichment in this hole. 

4.4.2.5.2 Rare earth element compositions of NGI10-31 

PAAS-normalized depth profiles of REE proxies are presented in Figure 4.6B. The Y/Ho 

ratios vary from 40 to 100 in dolostone, and the siliciclastic intervals have Y/Ho ratios between 

27 to 37. In oxide iron formation, Y/Ho ratios range from 30 to 43. The La/La* values in 

dolostone, oxide iron formation, and siliciclastic samples range from 1.11 to 2.08, 1.00 to 1.56, 

and 0.93 to 1.16, respectively. True negative Ce anomalies are not present in any of the 

lithofacies but some dolostone samples around 75 m depth show slight positive Ce anomalies. 

The Ce/Ce* values range from 0.93 to 1.02 in dolostone, 0.99 to 1.01 in oxide iron formation, 

and 0.98 to 1.04 in siliciclastics. Positive Eu anomalies in dolostone, oxide iron formation, and 

siliciclastics vary from 2.09 to 5.66, 2.26 to 3.70, and 1.15 to 2.56 respectively. All lithofacies 

have a similar range in Gd/Gd*, varying from 1.07 to 1.44. 
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Figure 4.6: (A) Al-normalized redox-sensitive element profiles of the NGI10-31 hole. The 
dashed black line represents the Al-normalized average shale values of Red Lake. The 
dolostone samples near the base of the hole and the iron formation samples above the black 
shale-sulfidic shale show Cr enrichment. There is no noticeable enrichment of V and U in this 
hole and slight enrichment of Mo is present near the bottom of the hole. (B) PAAS-normalized 
rare earth element profiles from the NGI10-31 hole displayed higher Y/Ho ratios and La/La* 
anomalies in dolostones than the other lithofacies. All lithofacies lack Pr/Pr* anomalies but 
show important Eu/Eu* and Gd/Gd* anomalies. 
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4.5 Discussion  

4.5.1 High-resolution chemostratigraphy of Archean sediments by XRF core scanning 

Although it is a common practice for modern sediments, the high-resolution XRF core 

scanning of the Red Lake cores provides, to our knowledge, the first large (multi-hundred-

meter scale) ICP-AES intercalibrated core scan XRF dataset for Archean metasediments. XRF 

scanning of cores yields a near-comprehensive, high-resolution (cm-scale) picture of elemental 

composition throughout the stratigraphy, capturing subtle changes in lithofacies and guiding 

sample selection for subsequent geochemical analysis.  

 High-resolution XRF core scans revealed cm-scale changes in sedimentology and 

chemistry that were otherwise not observed in meter-scale whole rock analyses. Core scanning 

detected numerous cm-scale siliciclastic layers within nominally “continuous” carbonate beds 

and other chemical sedimentary units, revealing short-term hiatuses in chemical sediment 

deposition (Supplementary figures 1, 2, and 3 in Appendix A.6). Small, cm-scale intervals rich 

in manganese and sulfur are also observed in the XRF core scan dataset that are less obvious 

within the coarser sampling resolution of the whole rock geochemical datasets, revealing 

several thin intervals of S enrichment in the Red Lake cores outside the conspicuous sulfidic 

horizons. Thin S-rich layers in cores PB12- 35, PB12-32, and the NGI10-31 may be related to 

pore water sulfate reduction below the sediment-water interface in a sulfate-limited 

environment (Afroz et al., 2022), while thin Mn-rich intervals may indicate the temporary 

presence of oxygen in ocean basins surrounding the carbonate platform. The high-resolution 

chemostratigraphy distinctly differentiates the composition of carbonates (calcite and 

dolomite) and reveals several sulfide-rich zones, manganese enrichments, and siliciclastic 

intervals, suggesting important temporal or spatial variations in water chemistry and redox 

conditions on the margin of carbonate platform (Supplementary figures 1, 2, and 3 in Appendix 

A.6). The chemostratigraphic profile also reveals in fine detail the geochemical transition from 



Chapter 4: Chemostratigraphy of the Red Lake Carbonate Platform 

 104 

one facies to another as well as siliciclastic interference during the precipitation of carbonate 

and iron formation facies. This dataset unveils several periods of carbonate deposition 

disrupted by deeper water facies and siliciclastic sedimentation. Sulfur enrichment in the 

sulfidic black shale-black shale intervals implies that sulfidic conditions might have prevailed 

in the deeper part of the basin or simply the occurrence of particularly S-rich, high-TOC 

sediment, while manganese enrichment points to fluctuating basinal redox conditions 

(Supplementary figures 1 and 2 in Appendix A.6).  

 
 

 
 
Figure 4.7: (A) Chemical index of alteration (CIA) box and whisker plot of siliciclastic rocks 
associated with the Red Lake carbonate platform. The bottom and top of each box indicate the 
25th and 75th percentiles, respectively, with the 50th percentile (i.e., median) value marked by 
the central red bar. Error bars are showing the maximum and minimum values of data and the 
red crosses represent the outliers. (B) Co-Th vs La-Sc plot shows that several sandstone and 
siltstone samples are plotted along the felsic-dominated axis (high La/Sc) while some of the 
sandstone, siltstone, and most of the black shale, and sulfidic shale plot along the mafic-
dominated axis (high Co/Th).  

 

4.5.2 Weathering and provenance analysis of siliciclastic rocks 

The abundant and diverse siliciclastic rocks captured in the Red Lake drill cores provide 

an opportunity to evaluate different detrital sediment sources feeding the Ball Assemblage and 

the intensity of the weathering that they experienced. The influence of weathering on 
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sedimentary rocks can be evaluated by the chemical index of alteration (CIA) using the 

formula: CIA= [Al2O3/ (Al2O3 + CaO* + Na2O + K2O)] x 100 (Nesbitt and Young, 1982). This 

formula is used as a basic measure of the weathering intensity in the source terrain and indicates 

the proportion of weathered materials present in the sample (Sawyer, 1986). However, 

diagenesis and metamorphism-related changes experienced by such ancient and altered 

sediments are not considered in this index. The CIA has been broadly used to indicate the 

intensity of silicate weathering, whereby higher values of the CIA reflect the increasing 

influence of chemical weathering and a greater degree of leaching of Ca-, Na-, and K-rich 

minerals from source rocks. Fedo et al. (1995) defined various degrees of chemical weathering 

based on the CIA: CIA values between 50 and 60 indicate low chemical weathering, values 

between 60 and 80 suggest moderate chemical weathering, and values > 80 indicate an extreme 

degree of chemical weathering. Sometimes the chemical index of weathering (CIW) is used 

instead to quantify the intensity of chemical weathering (Condie, 1993; Condie et al., 1992; 

Maynard, 1992; Sreenivas and Srinivasan, 1994) but this calculation can be misleading because 

this approach accounts for the total aluminum without correcting Al in K-feldspar, which leads 

to very high CIW values even for chemically unweathered K-feldspar–rich rocks (Fedo et al., 

1995).  

Red Lake siliciclastic rocks show variable CIA values, specifically for sandstone (43-

83), siltstone (55-74), black shale (44-87), and sulfidic shale (56-86), suggesting variable 

degrees of weathering. (Figure 4.7A). The shale and sulfidic shale provide reliable results as 

the CIA index was developed for fine-grained sediment (Nesbitt and Young, 1982). These 

originally clay-rich rocks both have average CIA values of 70, placing them firmly in the 

moderately weathered category. There is no evidence for K metasomatism in these siliciclastic 

rocks, hence the CIW is not plotted.  
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A diagram of Co/Th vs La/Sc can discriminate between different potential sediment 

sources weathering to form siliciclastic rocks (McLennan et al., 1983). The Red Lake 

siliciclastic samples were plotted along with the values of felsic, mafic, and ultramafic rocks 

of the Red Lake greenstone belt from Hollings et al. (1999) (Figure 4.7B). It appears that 

sandstone and siltstone samples were mostly derived from felsic sources while black shale and 

sulfidic shale were apparently derived from mafic rocks. However, older rocks in the region, 

which would have served as the source area are mostly mafic and ultramafic extrusives and 

tonalite intrusives. Under moderate weathering, most of the silt- and sand-sized material would 

have come from the tonalities and most of the clay would have come from the mafic rocks in 

the source area. Thus, the different compositions of the clay-rich and clay-poor sediment do 

not necessitate separate source areas for each. In fact, as the shale, siltstones, and sandstones 

are interlayered in areas of the core, it is very unlikely that their sediment came from differing 

areas, but rather reflect sediment sorting under different energy regimes.  

4.5.3 Redox proxies in the Mesoarchean ocean 

The enrichment of redox-sensitive elements such as chromium (Cr), vanadium (V), 

molybdenum (Mo), and uranium (U) in fine-grained and chemical sediments serve as powerful 

proxies for redox conditions at the time of erosion and, to a lesser degree, of deposition. These 

elements are sensitive to redox conditions and can change their valence state and solubility 

depending on the quantity of oxygen present (Calvert and Pedersen, 1993; Russell and 

Morford, 2001; Voegelin et al., 2010; Wille et al., 2013). The enrichment of such redox-

sensitive elements preserved in ancient marine sedimentary rocks has been commonly used to 

constrain the timing of oxygenation on Earth (Anbar et al., 2007; Wille et al., 2007). For this 

study, redox-sensitive trace elements were normalized to the chemically immobile element Ti 

and plotted against Al2O3 to show variable enrichment of these elements in different lithofacies 

(Figure 4.8). The black dashed line in Figure 4.8 represents the Ti-normalized average shale  



Chapter 4: Chemostratigraphy of the Red Lake Carbonate Platform 

 107 

 

Figure 4.8: Ti-normalized redox-sensitive trace elements plotted against Al2O3 show variable 
enrichment of these elements in different lithofacies. The dashed black line represents the Ti-
normalized average shale values of Red Lake. (A) All chemical sedimentary rocks and the 
sulfidic shale samples are markedly enriched in Mo. (B) Most of the limestone and several 
dolostone and iron formation samples are depleted in V while a number of iron formation, 
chert, and dolostone samples show enrichment in V. (C) All chemical sedimentary rocks 
display variable degrees of U enrichment except some chert and iron formation samples. (D) 
Most of the dolostone, chert, some iron formation, and a few limestone samples have notable 
Cr enrichments compared to the average shale values of Red Lake.  Most of the limestone and 
several iron formation samples fall below the average shale values of Red Lake. 
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value of Red Lake. Most of the chemical sediments show a higher Ti-normalized degree of 

enrichment of these elements compared to their siliciclastic counterparts, reflecting substantial 

authigenic enrichments except for several carbonates, iron formation, and chert in the V/Ti 

diagram; chert and iron formation in the U/Ti diagram, and carbonates and iron formation in 

the Cr/Ti diagram. 

Chemical weathering of crustal rocks and transport via river runoff is the main source 

of dissolved Mo in the ocean today (McManus et al., 2002; Voegelin et al., 2010). Mo resides 

in oxic seawater as molybdate (MoO42−), but in the presence of dissolved sulfide, it may 

undergo thiolation to more reactive forms, promoting sedimentary enrichment (Helz et al., 

2011, 1996; Vorlicek et al., 2004). Organic matter also acts as an additional agent for 

facilitating the transfer of Mo into sediments (Piper and Perkins, 2004). Mo is also removed 

from the water column via adsorption onto iron and manganese oxyhydroxides under oxic 

water column conditions (Morford and Emerson, 1999). Generally, when abundant in the water 

column, Mo shows the greatest enrichments in reducing sediments, especially in the presence 

of free H2S (Algeo and Maynard, 2004; Crusius et al., 1996). The Red Lake black shale-sulfidic 

shale samples with high sulfide and TOC are considerably enriched in Mo, suggesting water 

column scavenging of Mo under reducing and sulfidic conditions. Authigenic Mo can be found 

either in the organic-rich fraction or in the carbonate fraction, although little is known about 

Mo incorporation into carbonate minerals (Smrzka et al., 2019). Based on Mo enrichments 

alone, it is difficult to ascertain whether Mo enrichment was driven by local redox-related 

processes (e.g., Fe or Mn-oxide shuttling, enhanced scavenging under euxinic conditions), or 

it simply reflects partial uptake to organic-rich sediments of small but non-negligible dissolved 

Mo reservoir. In this regard, Mo stable isotope compositions can help identify specific 

scavenging pathways due to their different associated Mo isotope fractionation processes (e.g., 

Arnold et al., 2004). Thoby et al. (2019) reported δ98/95Mo isotopic compositions that varied 
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from -1.79‰ to 0.78‰ in stromatolitic dolostone samples from Red Lake outcrops, which are 

isotopically fractionated relative to crustal and riverine sources. It was proposed that oxic (Mn-

oxide-related) sinks were operational at that time and drove the isotopic composition of the 

seawater Mo reservoir towards heavier values, as is the case in modern oxic seawater. The 

minor degree of enrichment of Mo in the Red Lake samples reported here suggests a small 

dissolved Mo reservoir fed by incipient continental weathering (under oxic or anoxic 

conditions) that enabled mild sedimentary enrichments into suitable lithologies. 

Weathering of crustal rocks delivers V to the ocean by river runoff. Vanadium exists in 

various oxidation states which depend on pH and redox conditions (Wanty and Goldhaber, 

1992). In oxic waters, V is present as vanadate oxyanions (HVO42- and H2VO4-) with the 

valency state V(V), but under mildly reducing conditions, it is reduced to V(IV) and forms 

insoluble VO(OH)2. Under euxinic conditions, V(IV) will be further reduced to V(III) and form 

solid V2O3 oxide or V(OH)3 hydroxide that leads to V enrichment in marine sedimentary rocks 

(Breit and Wanty, 1991; Wanty and Goldhaber, 1992). There is little information available 

regarding V incorporation into carbonates under anoxic conditions. During organic matter 

remineralization, V can be released into solution, and its sedimentary accumulation under 

slightly suboxic conditions may hint at some potential for constraining paleo redox conditions 

(Smrzka et al., 2019; Tribovillard et al., 2006). Sahoo et al. (2012) described V enrichment in 

euxinic black shales throughout geological time, and V contents correlate well with organic 

matter (Breit and Wanty, 1991), which is also observed in TOC-rich Red Lake carbonate 

samples. Several high-TOC dolostone samples show V enrichment relative to low-TOC 

dolostone samples, indicating a role in scavenging of V by organic matter. Sorption and particle 

scavenging are the most effective delivery mechanisms of V to marine sediments from 

oxygenated waters (Brumsack, 1986; Prange and Kremling, 1985; Trefry and Metz, 1989). 

Vanadium is typically associated with both Fe and Mn oxide precipitates, and V, Fe, and Mn 
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usually correlate in various marine environments (e.g., Auger et al., 1999; Rudnicki and 

Elderfield, 1993). The iron formation samples of Red Lake show higher enrichments of V than 

carbonates, suggesting preferential incorporation of V during iron oxyhydroxide precipitation 

under suboxic to oxic environmental conditions. 

Riverine runoff is the principal source of dissolved U in seawater today as the result of 

oxidative continental weathering and the transformation of rock-hosted U(IV) to soluble U(VI). 

Uranium-rich minerals are predominantly derived from felsic igneous rocks, such as granites 

or pegmatites (Grandstaff, 1976), and accessory minerals, e.g. zircon, apatite, allanite, and 

monazite, are also important sources of U (Partin et al., 2013). U is mobile in aqueous solution 

in the oxidized U(VI) form and immobile in the reduced U(IV) form. Uranium (IV) fits easily 

into the calcite lattice due to its small size, often leading to elevated U contents in carbonates 

(Sturchio et al., 1998). Iron formations can scavenge seawater U(VI) through sorption to the 

surface ligands of iron oxyhydroxides. Coprecipitation or adsorption of U(VI) onto ferrihydrite 

can be reduced during the alteration of the iron oxyhydroxide to goethite, which incorporates 

reduced U(IV) into its mineral structure (Boland et al., 2011), although reduction of U(VI) 

requires a particle catalyst (Boland et al., 2011; Duff et al., 2002; Hsi and Langmuir, 1985; 

Liger et al., 1999; Waite et al., 1994). The Red Lake sample set is remarkable for the slight but 

non-negligible U enrichments observed in various lithofacies, similar to the case for Mo. Low 

U concentrations (<6.6 ppm; mean = 0.99 ppm) is typical for iron formations accumulated 

worldwide during the 3.50 Ga to 2.47 Ga interval (Partin et al., 2013). Red Lake iron formation 

samples fit within this established range, with U concentrations generally < 2.0 ppm and with 

an average value of 0.2 ppm. Such low concentrations of U in Red Lake iron formation indicate 

that the seawater U reservoir was small, most likely due to the limited mobilization of U from 

the continents to the ocean during weathering in an oxygen-poor environment.  
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Chromium in sediments is largely sourced from terrigenous detrital input. Cr contents 

in igneous rocks widely vary from 3000 ppm to <10 ppm for ultramafic and felsic rocks, 

respectively (Shiraki, 1997). Cr exists as Cr(VI) and Cr(III) in oxic aqueous solutions 

(Brumsack, 1989; Pettine et al., 1998b; Tribovillard et al., 2006), but can be reduced efficiently 

in aqueous solution by organic matter, dissolved Fe, and other reductants, especially at higher 

pH (Buerge and Hug, 1997; Pettine et al., 1998a; Schlautman and Han, 2001). Cr(III) is 

immobile at neutral to alkaline pH but is mobile under these conditions when oxidized to 

Cr(VI). The Red Lake depositional basin was likely Cr-rich due to the weathering of 

ultramafic-mafic rocks, Cr(III) from hydrothermal inputs, or a combination of both. During the 

Archean, iron formations show low Cr concentrations, and iron formations from different 

Archean localities such as Fig Tree Group (3.25 Ga), Pongola Supergroup (2.96 Ga), and 

Beardmore-Geraldton Greenstone Belt (2.71 Ga) show minimal enrichment of Cr, suggesting 

limited continental supply of authigenic Cr (Konhauser et al., 2011). Red Lake iron formation 

samples show only mild enrichment of Cr, similar to these iron formations, similarly 

suggesting limited oxidative weathering. Cr does not co-precipitate with iron sulfides due to 

its very slow reaction with dissolved sulfide (Morse and Luther Iii, 1999). A few Red Lake 

sulfidic shale samples with notable Cr enrichment may instead reflect enhanced sequestration 

due to Cr adsorption onto organic matter from localized waters of the platform that have 

relatively large amounts of Cr(III) from the weathering of the ultramafics. Some sandstone 

samples are Cr-rich, which is related to their high concentrations of chrome mica (Fuchsite). 

A recent Cr isotope study of a Mesoarchean (2.95 Ga) paleosol in the Pongola Supergroup in 

South Africa revealed unfractionated isotopic compositions of Cr, which supports the idea that 

anoxic continental or seafloor hydrothermal weathering dominated Mesoarchean Cr inputs 

(Heard et al., 2021) and that oxidative continental weathering of Cr-rich minerals was generally 

unimportant at that time. Stable isotope analysis of Cr in Red Lake samples might provide 
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additional information regarding the sources and redox cycling of Cr in the 2.87 Ga Red Lake 

basin (Frei et al., 2009). 

The geochemistry of the redox-sensitive elements in the Red Lake chemical 

sedimentary rocks is best explained by the hypothesis that they were predominantly sourced 

from crustal weathering and scavenged from seawater through various processes into the 

chemical sediments. The question regarding what type of weathering (oxidative vs. anoxic 

weathering) brought these elements into the ocean remains controversial. Some of the Mo, V, 

U, and Cr enrichments in the iron formation, chert, and carbonate samples correlate with the 

magnitude of Eu anomalies in the same samples, indicating that hydrothermal input was an 

additional source of these elements to seawater (Supplementary Figure 4 in Appendix A.6). 

The relatively mild enrichments in Mo, V, U, and Cr alone may not distinctly imply oxidative 

weathering and mobilization of these elements, as at such low abundances, small riverine 

inputs and mild water column accumulation under highly anoxic conditions, as well as 

hydrothermal inputs, could also conceivably drive enrichment. The low concentration of redox-

sensitive elements in Red Lake samples renders more work necessary to determine the 

weathering conditions and variables in Mesoarchean paleoenvironments that would have led 

to the mobilization of these elements into the water column. The mild but significant 

enrichments of Mo, V, U, and Cr in Red Lake chemical sediments may constitute an interesting 

case whereby small standing seawater reservoirs of these classic redox indicators might have 

occurred during the Archean in the absence of effective oxidative cycling, generating mild 

enrichments in suitable lithologies, without necessarily indicating an important role for the 

presence of free O2.  
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4.5.4 Rare earth element insights into Mesoarchean ocean chemistry 

Geochemical investigations of marine sedimentary rocks including banded iron 

formation, chert, and carbonates provide critical information on seawater chemistry where 

sediments precipitated directly from marine waters (Bau and Möller, 1993; Derry and 

Jacobsen, 1990; Kamber et al., 2004). Concentrations and enrichment patterns of REE in 

chemical precipitates are useful tools for reconstructing depositional environments, such as 

freshwater vs. marine settings (e.g., Bolhar and Van Kranendonk, 2007), redox conditions (De 

Baar et al., 1988; Elderfield, 1988; Kato et al., 2002), and importance of hydrothermal inputs 

(e.g., Allwood et al., 2010; Derry and Jacobsen, 1990). Post-depositional alteration and 

metamorphism can change the original mineralogy and elemental concentrations, but REE 

enrichment patterns remain largely unaffected by diagenesis (Webb et al., 2009). Therefore, 

REE is widely used as proxies in geochemical studies of chemical sedimentary rocks to 

decipher ancient ocean chemistry due to their clear signatures, immobile nature, and resistance 

to post-depositional alteration (Kamber et al., 2014; McConchie, 1987). Where applicable, we 

present data normalized to PAAS using the values provided by Taylor and McLennan (1985).  

 

Figure 4.9: (A) Al2O3 vs Y/Ho and La/La* plots. (A) The higher the Al concentration, the 
lower the Y/Ho ratio, and (B) the lower the La/La* value, suggesting crustal contamination. 
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Samples with Y/Ho ratios above crustal values are generally accepted to reflect 

precipitation from seawater, which is characterized by elevated Y/Ho (up to 105) (Nozaki et 

al., 1997). A lower Y/Ho ratio (e.g., close to the chondritic mass ratio of 26-28) suggests 

deposition in a shallower marine environment with a substantial influx of freshwater and/or 

terrestrial inputs (Johannesson et al., 2006; Webb and Kamber, 2000; Zhao et al., 2009). 

Yttrium and holmium display different complexation properties in aqueous solutions (Bau and 

Dulski, 1996, 1995); Ho is scavenged on particulate matter at approximately twice the rate of 

Y, resulting in a super-chondritic Y/Ho ratio in seawater, expressed as prominent positive Y 

anomalies in shale normalized REE+Y distribution patterns (Bau and Dulski, 1999, 1996, 

1995; Nozaki et al., 1997) of between 44 and 120 in modern and Archean seawater (Kamber 

and Webb, 2001; Nozaki et al., 1997). Elevated Y/Ho ratios are prevalent throughout the 

limestones and dolostone of the Red Lake area, confirming their marine origin. However, 

between limestone and dolostone, the higher Y/Ho ratios of limestone (max: 142; min: 50; 

mean: 89) relative to dolostone (max: 90; min: 42, mean: 62) would appear related to water 

depth control. The geochemical data of this study matches previous sedimentological 

interpretations that limestones precipitated offshore while dolostones accumulated in nearshore 

environments (McIntyre and Fralick, 2017). Hence, the open ocean seawater Y/Ho 

composition is best captured by limestone. Iron formation (mean: 60) and chert (mean: 48) also 

show high Y/Ho ratios but lower than the limestones. Siliciclastics and/or volcanic ash addition 

can suppress Y/Ho ratios in chemical sediments, and indeed, both carbonate lithologies 

(limestone and dolostone) are characterized by a lower degree of detrital contamination, as 

reflected in their lower Ti and Al contents. Iron formation samples commonly have lower ratios 

of Y/Ho than the carbonate samples due to crustal contamination (Figure 4.9A). Red Lake 

clastic rocks have near chondritic Y/Ho ratios averaging 30. 
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A positive LaPAAS anomaly is an additional REE indicator of marine deposition (e.g., 

Bau and Dulski, 1996) and is widely present in the Red Lake chemical sedimentary rocks. 

Positive LaPAAS anomalies are the result of the higher stability of La in seawater and its longer 

residence time in the ocean compared to its light and middle REE neighbors (Alibo and Nozaki, 

1999). The Y/Ho and La/La* vs. Al2O3 plot (Figures 4.9A and 4.9B) shows that the Y/Ho ratio 

and La/La* anomalies of carbonates vary for any given wt.% of Al2O3, and this variability in 

the carbonates suggests a primary environmental influence (e.g., different water sources) in 

addition to detrital contamination. Red Lake samples with the highest LaPAAS anomalies 

correlate with the highest Y/Ho ratios and are interpreted as the signature of open Mesoarchean 

seawater, while those with less pronounced LaPAAS anomalies and Y/Ho ratios would appear 

to reflect contamination by clastic or volcaniclastic detritus, or alternatively, record deposition 

during estuarine mixing with open seawater (Kamber et al., 2014; Zhao et al., 2009).  

Gd anomalies were calculated using Gd/Gd* PAAS = Gd/([0.33]Sm +[0.67]Tb), and 

almost all Red Lake samples possess positive GdPAAS anomalies. Positive Gd anomalies are a 

common feature of modern seawater, stemming from the higher stability of Gd in seawater 

relative to neighboring REEs during scavenging (e.g., (Alibo and Nozaki, 1999; Bau et al., 

1997; De Baar et al., 1985).  

A negative Ce anomaly is common in modern oxic seawater (Elderfield and Greaves, 

1982; Goldberg et al., 1963). However, anomalous abundances of La can mask the presence of 

Ce anomalies in seawater or generate false negative Ce anomalies in some calculation schemes. 

In the presence of oxygen in the weathering environment, the aqueous transport system and/or 

seawater, Ce3+ is oxidized to Ce4+ and subsequently removed from the water column by 

adsorption to mineral surfaces. This results in Ce-depleted seawater, and carbonates 

precipitated from that seawater will inherit negative Ce anomalies (Webb and Kamber, 2000). 
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One way to distinguish true negative Ce anomalies from those arising solely due to the presence 

of La anomalies is to calculate Pr/Pr* as equal to Pr/(0.5Ce +0.5Nd), whereby the calculation 

Ce/Ce* = Ce/(0.5La + 0.5Pr) (Bau and Dulski, 1996) reflects a combination of Ce and La 

anomalies (Figure 4.10A and 4.10B). The Ce/Ce* vs. Pr/Pr* plots for whole rock analyses 

show that in the industry drill hole samples, only two limestone samples from the PB12-35 

hole contain substantial true negative Ce anomalies, while most of the limestone, dolostone, 

oxide facies iron formation, and chert samples contain no significant negative Ce anomalies. 

The short backpack drill hole 17-GA1, drilled in the Golden Arm area where prior negative Ce 

anomalies have been reported (McIntyre and Fralick, 2017), shows a greater number of 

samples bearing negative Ce anomalies, reaching down to 1.1 Pr/Pr* (Figure 4.10B; and 

Supplementary Figure 5 in Appendix A.6).  In contrast, several limestones, dolostone, chert, 

and oxide facies iron formation samples show mild but clearly resolved positive Ce anomalies. 

Almost all siliciclastics samples show no La and Ce anomalies. Data for partial digestion of 

carbonate samples is similar to the bulk analysis.  

The presence of negative Ce anomalies in the offshore limestones is difficult to explain 

as oxygen levels in shallow marine settings are not thought to have reached substantial levels 

by 2.87 Ga. However, several hypotheses can be formulated to explain the Ce anomalies in the 

offshore limestone facies of the Red Lake carbonate platform. First, most carbonate samples, 

and all shallow water carbonates, show little to no appreciable Ce anomalies. Negative Ce 

anomalies are observed only in the offshore limestone facies at Golden Arm and in rare samples 

of the PB12-35 drill hole. The observation of negative Ce anomalies, surprisingly restricted 

only to the limestone facies, maybe a common feature of Archean carbonate platforms (Fralick 

and Riding, 2015; Riding et al., 2014). Residence time of REE under different conditions is 

likely a crucial factor controlling the development of Ce anomalies. Particulate scavenging 

leads to rapid Ce(III) removal in shallow marine environments, and in high particulate 
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Figure 4.10: (A) PAAS-normalized Ce/Ce* anomaly (reflecting a combination of true La and 
Ce anomalies) versus Pr/Pr* anomaly plot (reflecting only the Ce anomaly; formulas from Bau 
and Dulski, 1996). Whole rock data from the different lithofacies reveal that only three 
limestone samples and one oxide iron formation sample possess true negative Ce anomalies, 
whereas 24 limestones, dolostone, chert, and oxide facies iron formation samples have positive 
Ce anomalies. Almost all siliciclastics samples show no La or Ce anomalies. (B) Data from 
weak leach digests of carbonate samples are identical to the bulk rock analysis. Some outcrop 
samples from the Golden Arm area to the northeast of Red Lake exhibit negative Ce anomalies. 
A significant number of limestone samples show both positive La and Ce anomalies. 

 

environments such as lagoons and estuaries, the oxidation rate of Ce(III) (and thus generation 

of Ce(IV)) is slow compared to particulate scavenging rates (Moffett, 1990). Under these 

conditions, appreciable Ce anomalies cannot develop in the water column even if Ce(III) 

oxidation is occurring. In deeper waters where particulate flocculation is minor, the rate of 

particulate scavenging of Ce(III) becomes slower than the Ce(III) oxidation rate, permitting 

the water column expression of Ce oxidation. Such a relationship between water depth and the 

magnitude of Ce anomalies also appears to be evident in the Steep Rock Lake carbonate 

platform (Fralick and Riding, 2015). The second possibility that might explain the absence of 
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negative Ce anomalies in all but the deepest-water carbonates is the reductive dissolution of 

Ce-sequestering particles, which would result in the remobilization and remixing of water 

column Ce(III) and Ce(IV) bearing particles under suboxic and anoxic water column conditions 

(c.f., Planavsky et al., 2009). Early diagenesis of sediments under reducing conditions can 

preferentially release Ce (Byrne and Sholkovitz, 1996; Haley et al., 2004), and indeed, the lack 

of significant negative Ce anomalies in suboxic and anoxic waters may thus reflect the near-

complete reductive dissolution of settling Mn–Fe-rich particles (Byrne and Sholkovitz, 1996; 

German et al., 1991) along a water-column depth gradient (Kamber and Webb, 2001), rather 

than a complete absence of Ce oxidation. The fact that positive Ce anomalies are preserved in 

several iron formation and carbonate samples support this suggestion and indicates that 

oxidation of Ce3+ and precipitation of Ce4+ was at times associated with reductive dissolution 

of iron oxyhydroxide producing positive Ce anomalies in the water column. 

The third possibility that might have spatially limited the development of Ce anomalies 

is that elevated concentrations of reduced Fe and Mn (>50 nM) can buffer the Eh of water to 

low redox potentials and inhibit the development of negative Ce anomalies in seawater even if 

free O2 was being produced (Seto and Akagi, 2008). It could be that Fe and Mn must be first 

drawn down in the shallow-marine environment to concentrations around a few µM before Ce 

is oxidized in important quantities in the presence of oxygen. The Fe and Mn concentrations 

of Red Lake dolostone samples are significantly higher than the limestone samples, which may 

be linked to the absence of detectable Ce anomalies in the shallow water dolostone facies. All 

of the above mechanisms likely contributed to the clear pattern of muted Ce anomalies, a 

predominance of positive Ce anomalies, and the occurrence of significant negative Ce 

anomalies only in the most distal lithofacies of the carbonate platform.  
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Iron formation samples in the 137 to 141 m interval and at 167 m depth in the PB12-32 

hole show positive Ce anomalies, while the overlying and underlying dolostone units display 

no Ce anomalies. The positioning of this iron formation and the relatively low Fe content (18 

%) in this interval compared to the iron formation of the NGI10-31 hole (up to 70 %) suggests 

precipitation occurred in proximity to shore. If there was a persistent free oxygen supply, then 

both iron formation and carbonates might be expected to show positive Ce anomalies. Instead, 

it would appear that oxygen was being brought into the depositional sites where Ce(III) 

oxidation occurred in the presence of oxygen, and co-precipitated preferentially with iron 

oxyhydroxide, leading to a positive Ce anomaly. These positive Ce anomalies correlate with 

increasing Mn content (>1.5 wt. %) as well as enrichment in Cr, suggesting in these horizons 

a shuttle of oxygen either by storm events or by transient photosynthetic blooming. Similarly, 

in the PB12-35 hole, limestone samples at 35 m depth and in the 125 to 130 m interval display 

positive Ce anomalies with accompanying enrichments in Cr, Mo, and U, supporting the 

occasional presence of oxygen in the depositional environment.  

Near-ubiquitous positive EuPAAS anomalies (EuPAAS >1) in Archean metasediments 

imply an overall larger proportion of marine REE+Y input stemming from high-temperature 

(> 250° C) hydrothermal fluids into Archaean seawater (Bau and Dulski, 1996; Derry and 

Jacobsen, 1990, 1988). The combined REE+Y patterns for different chemical and siliciclastic 

sedimentary rocks are presented in Figure 4.11. PAAS-normalized  Eu anomalies 

(Eu/Eu*PAAS) were calculated using Eu/Eu*PAAS = Eu/([0.67]Sm + [0.33]Tb) (Bau and 

Dulski, 1996). Positive Eu anomalies are prevalent in all marine sedimentary rocks from Red 

Lake, and siliciclastic rocks also exhibit this anomaly throughout the drill hole core (Figure 

4.11). The ubiquitous presence of positive Eu anomalies in the sedimentary rocks of Red Lake, 

higher in the chemical sediments than their siliciclastic counterparts, implies that high-

temperature hydrothermally derived positive Eu anomalies were pervasive in the Mesoarchean 
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ocean, and these rocks inherited the seawater composition of the Mesoarchean ocean (McIntyre 

and Fralick, 2017). 

 

Figure 4.11: PAAS-normalized REE systematics of different chemical sedimentary and 
siliciclastic rocks of the Red Lake carbonate platform. Positive Eu anomalies are common in 
marine chemical sedimentary rocks, and the siliciclastic rocks also contain mild Eu anomalies.  
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Figure 4.12: PAAS-normalized slope of Pr/Yb plotted against (A) La/La*, (B) Y/Ho, and (C) 
Al2O3. Samples with a slope value of >1 indicate enrichment of LREE while a slope value <1 
shows enrichment of HREE. 

 
 

Hypothetically, relative enrichment of HREE is related to the seawater abundance of 

CO32- and in turn seawater alkalinity, pH, and ultimately, atmospheric pCO2. In the modern 

ocean, complexation with ligands, mainly CO32-, stabilizes HREEs preferentially and retains 

them in solution, whereas LREEs forming weaker complexes are lost more rapidly through 

scavenging, which leads to the characteristic positive slope of REEs in seawater. A plot of light 

to heavy REE (Pr/Yb) slope versus Y/Ho ratio and La anomalies (Figure 4.12) differentiates 

between the enrichment or depletion of LREEs or HREEs as a function of open seawater 

influence. Pr/Yb ratios >1 represent samples that are HREE-depleted and/or LREE-enriched, 

while Pr/Yb ratios <1 indicate the reverse. Archean chemical precipitates derived from 

seawater are typically HREE enriched, and the same is true for the Red Lake sample suite, 

which shows obvious HREE-enriched patterns in the oxide iron formation and carbonate 

samples, suggesting that the ancient ocean had similar LREE and HREE fractionation trends 

and slope as the modern ocean (Kamber and Webb, 2001).  

In brief, the PAAS-normalized REE distribution patterns of the Mesoarchean Red Lake 

carbonate rocks and iron formation exhibit several attributes similar to modern open seawater, 

including supra-chondritic Y/Ho ratios, positive LaPAAS anomalies, positive GdPAAS, and HREE 
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enrichment relative to LREE (Alibo and Nozaki, 1999; Bau et al., 1997; De Baar et al., 1988, 

1983; Elderfield, 1988; German and Elderfield, 1989; Kamber et al., 2014) as well as signatures 

attributed to anoxic and hydrothermally influenced Archean ocean conditions. These include a 

general lack of pronounced negative CePAAS anomalies and strong positive EuPAAS anomalies. 

That said, significant anomalies in Ce, both positive and negative, reveal the likely imprint of 

oxygenic photosynthesis generating free O2, at least ephemerally, on this 2.87 Ga carbonate 

platform.  

4.5.5 Red Lake carbonate platform architecture 

During the deposition of the >200 m thick Red Lake carbonate platform, the composition 

of seawater in the basin clearly varied significantly spatially and temporally to produce the 

various assemblages of chemical sedimentary rocks preserved in this platform. The Red Lake 

carbonate platform records a protracted period of Mesoarchean platform building punctuated 

by sea level fluctuations that sometimes lead to platform flooding. Lithofacies assemblages 

from onshore to offshore depositional settings include (1) Peritidal dolomitic carbonates that 

dominate the platform top, consisting of abundant Stratifera and Colleniella stromatolites, 

coliform crusts, thin layers of crystal fans, and grainstones (McIntyre and Fralick, 2017). (2) 

Subtidal calcic carbonate zones composed of Stratifera and ~ 1m “atikokania” crystal fan 

mounds and larger crystal fan mounds further offshore (McIntyre and Fralick, 2017). (3) 

Irregularly developed slope areas comprised of carbonate-magnetite laminae and carbonate 

slump deposits mixing with carbonaceous mud and iron formation (Afroz et al., 2023). (4) 

Offshore areas extend from the base of the slope and/or areas adjacent to carbonate where the 

slope is poorly defined and were dominated by the accumulation of black shale, sulfidic black 

shale, oxide iron formation, and chert (Afroz et al., 2023). 
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It is likely that transgressive flooding initiated a steady platform environment where 

carbonate sedimentation in productive shallow waters kept pace with increasing relative sea 

level, allowing stromatolites to grow in the warm waters of the photic zone. Stromatolite 

abundance lessens with water depth due to decreasing light penetration in the water column 

and gave way to crystal fan mounds that developed in carbonate-saturated environments further 

offshore. Carbonates precipitated in both shallow and deeper waters of the platform generally 

contain a low amount of siliciclastic material (<1 wt.% Al, <0.5 wt. % Ti), suggesting non-

episodic siliciclastic supply was slow relative to carbonate sedimentation. Deposition of 

massive and channelized sand occurred at times in the shallower areas of the platform and these 

areas may even have been exposed subaerially during sea level fall. This was ultimately 

outpaced by carbonate deposition on multiple occasions, either due to repositioning of channels 

or platform flooding. The non-correlating sandstone horizons and thin (cm to m scale) siltstone 

layers that punctuated carbonate deposition might be related to shifts in river channels 

supplying detrital materials, or alternatively storm events that carried sand and silt, with rapid 

siliciclastic deposition temporarily outpacing carbonate precipitation. A major flooding event 

is marked by the accumulation of chert-iron formation along with sulfidic shale-black shale 

assemblages on the eastern side of the platform while the accumulation of chert-iron formation 

becomes thinner on the central and western side of the platform and there is a general absence 

of sulfidic shale -black shale assemblages on this side (Figure 4.1). However, the black shale 

and siltstone successions in the PB12-32 and PB 12-33 holes may not represent a flooding 

surface, rather they may indicate greater delivery of mud and silt to the carbonate shelf, 

overwhelming carbonate precipitation. Similarly, the correlated siliciclastic successions 

between the PB12-32 and BL12-37 holes represent increased clastic supply, and the correlated 

black shale -siltstone successions between the PB12-35 and PB12-34 holes represent hiatus in 

carbonate precipitation due to increased delivery of siliciclastics. 
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The distribution of lithofacies on the Red Lake carbonate platform provides important 

constraints on the nature of the various carbonate depositional environments and the overall 

architectural organization of the platform. There is no clear evidence of high-energy platform 

margin conditions; based on the lateral and vertical variations of lithotypes and stromatolites, 

McIntyre and Fralick (2017) reported an extensive shallow-water platform in a low-energy 

environment. This overall picture is further supported by the present work. The ensemble of 

observations suggests that the Red Lake carbonate platform might best be described in a non-

rimmed margin framework. This is in contrast to later Archean carbonate platforms; for 

example, the ca. 2.6 Ga Campbellrand-Malmani carbonate platform which shows evidence of 

a ramp to rimmed margin architecture (Sumner and Beukes, 2006), the ca. 2.80 Ga Steep Rock 

carbonate platform contains evidence of an important margin rimmed by giant domes (Fralick 

and Riding, 2015; Riding et al., 2014), and the ca. 2.86 Ga Woman Lake carbonate platform 

also provides evidence for an important ramp margin (Ramsay, 2020). The lithofacies 

associations of the Red Lake carbonate platform, capturing shallow to deeper water 

depositional environments in both lateral and vertical directions, suggest that carbonate buildup 

here occurred in a non-rimmed platform setting. Non-rimmed platforms provide substantial 

shallow water environments where a productive carbonate factory ensures upward growth that 

matches or temporarily succeeds subsidence.  Due to the absence of features forming a barrier 

reef or rim and the rarity of large domal structures, e.g., the abundant giant domes preserved at 

Steep Rock Lake (Fralick and Riding, 2015), it is likely that the Red Lake platform was not 

rimmed by domes, or it had only a minor rim component, as only one clear large domal feature 

has been identified (at Golden Arm), with possibly another on the north-western margin of 

Hahn Lake, although poor exposure renders this occurrence ambiguous. For comparison, the 

Campbellrand-Malmani carbonate platform was initiated with deposition of a mixed 

siliciclastic-carbonate ramp that steepened upward and gave way to a more shallow setting with 
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supratidal to intertidal flat deposits (Sumner and Beukes, 2006). This shallow water 

environment then evolved into a broad lagoon with a clear rimmed margin that separated the 

lagoonal deposits from deeper water sediments deposited on the open ocean e.g., deep water 

iron formation (Sumner and Beukes, 2006). The terminal drowning of the Campbellrand-

Malmani carbonate platform is indicated by the deposition of banded iron formation across the 

Kaapvaal Craton (Sumner and Beukes, 2006). Similarly, the Red Lake platform contains 

deposits of iron formation of variable thickness across the Red Lake platform induced by 

platform flooding, although carbonate sedimentation continued after the most widely recorded 

flooding event.  

Together, these observations provide important context to the establishment of Earth’s first 

large carbonate platforms. The association of carbonate, other chemical sedimentary rocks, and 

finer and coarser siliciclastic rock reflect transgression-regression events driven by a 

combination of absolute sea level change, varying subsidence rate, and/or fluctuating 

accumulation rate. 

4.6 Conclusions  

We draw five general conclusions from our chemostratigraphic study of the 2.87 Ga Ball 

assemblage and associated carbonate platform at Red Lake:  

1. The high-resolution chemostratigraphy of five cored drill holes spanning shallow water 

carbonates to offshore fine-grained siliciclastic and chemical sedimentary rocks and 

their repetitive transitions indicate dynamic ocean chemistry in a depositional 

paleoenvironment that experienced important marine transgressions and regressions. 

2. The siliciclastic rocks of the Red Lake carbonate platform were mainly derived from 

felsic to mafic rocks, with the original clay minerals dominantly from the moderate 
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weathering of mafic igneous rocks, whereas the silts and sands were principally sourced 

from the felsic igneous units in the area.  

3. Enrichments in redox-sensitive elements (i.e., Mo, V, U, and Cr) suggest that these 

elements were present in local seawater, supplied by hydrothermal delivery and 

possibly by limited oxidative weathering.  

4. The occasional presence of oxygen in the depositional environment is inferred from the 

occurrence of Ce anomalies (both positive and negative) and associated Mn and Cr 

enrichments evident in iron formation of the PB12-32 hole and some limestone samples 

from the PB12-35 hole. The presence of non-negligible true negative Ce anomalies 

indicates periodic oxygenation of the water column, at least locally.  

5. The REE composition of Red Lake chemical sediments reveals multiple seawater 

signatures (i.e., supra-chondritic Y/Ho ratios, positive La and Gd anomalies, and HREE 

enrichment relative to LREE), but differs from modern seawater with a general absence 

of negative Ce anomalies and pronounced Eu anomalies due to more important 

hydrothermal fluxes to the Mesoarchean ocean relative to today.  
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Abstract 

The Mesoarchean Red Lake carbonate platform presents a unique opportunity to 

examine the carbon and oxygen isotopic chemostratigraphy through Earth's earliest known 

thick carbonate platform. This carbonate platform was deposited ca. 2.87 Ga ago and is 

preserved in the Ball Assemblage of the Red Lake Greenstone Belt in northwestern Ontario, 

Canada. The >200 m thick carbonate package is predominantly composed of stromatolitic 

dolostones of shallow water origin, with lesser occurrences of deeper water limestone in the 

easternmost (Hahn Lake, Golden Arm) and westernmost (Pancake Bay) exposures. The 

stromatolitic dolostones show variable degrees of silicification and biogenic features in both 

outcrop and drill core, whereas the limestones are generally massive with diffusive banding 

and no noticeable macroscopic biogenic features in drill cores, but in outcrops, exposures show 

the presence of wrinkly laminar microbialites, crystal fans, and rare m-scale domes. Dolostone 

and limestone samples from five cored industry drill holes spanning the entire thickness of the 

platform were analyzed using a Kiel IV carbonate device coupled to a dual-inlet ThermoFisher 

MAT 253 mass spectrometer. The δ13C values of dolostone and limestone range from -4.89 to 

1.04 ‰ and -3.27 to 1.33 ‰, respectively, while δ18O values range from -17.75 to -12.21 ‰ 

and -15.12 to -8.62 ‰, respectively (all values relative to VPDB). The data reveal a strong 

mineralogical control on stable isotopic compositions of the limestone and dolostone facies, 

which are likely related to periodic sea-level fluctuation. The relatively heavier δ13C (> 0.5 ‰) 

and δ18O (> -10 ‰) isotopic compositions of limestone, combined with rare earth element 

indicators for fully marine depositional settings, suggest that they captured the open ocean DIC 

pool. Rare δ13C values lighter than -2 ‰ observed in certain limestone and dolostone samples 

likely represent contributions from remineralized organic matter and may be related in some 

cases to higher total organic carbon (TOC) contents, but not systematically. The consistently 

lighter isotopic compositions of δ18O in dolostones are considered to reflect the influence of 
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meteoric water during dolomitization, providing a significant and isotopically light freshwater 

component. While these carbonates were subjected to meteoric and late-stage burial diagenesis, 

a metamorphic origin of the remarkably lighter δ18O isotope composition of these carbonates 

can be ruled out based on correlation with rare earth element signatures of primary sedimentary 

origin. Finally, a simple isotope mass balance model is presented to better understand the 

Mesoarchean carbon cycle. While the δ13C values of the carbonates analyzed here are typical 

for those observed over most of the geological time, carbon isotope mass balance requires a 

carbon cycle that was significantly different than today, with an important yet previously 

unrecognized sink of near mantle δ13C composition, most likely seafloor carbonation. This 

study significantly expands the available stable δ13C and δ18O isotope data for Mesoarchean 

carbonates and provides new insights into the deposition of the Red Lake carbonate platform 

via a chemostratigraphic approach. 
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5.1 Introduction 

The geological carbon cycle is fundamental to our understanding of the evolving Earth 

and the functioning of biogeochemical cycles at its surface. The isotopic signature of carbon 

preserved in the sedimentary record is the result of the interaction of a variety of geochemical 

and biogeochemical processes. Ultimately, carbon is derived from outgassing of CO2 from the 

solid Earth through metamorphism and volcanism, delivered to the ocean-atmosphere system, 

and eventually buried and subducted. Over long geological timescales, this cycle is effectively 

balanced, with the large majority of sequestration of CO2 from Earth’s atmospheric and oceans 

occurring into carbonate sediments (Holland, 1978). The precipitation of sedimentary 

carbonates is thus important for maintaining Earth's equable climate (Walker et al., 1981).  

Carbon and oxygen stable isotope analyses have proven themselves important tools for 

exploring paleoenvironmental conditions, carbon cycling, aqueous geochemistry, and 

diagenesis in carbonate-producing sedimentary environments of the primitive Earth. 

Carbonates can record the isotopic composition of dissolved inorganic carbon (DIC) in a well-

mixed ocean in equilibrium with the atmosphere, as well as deviation from it due to 

biogeochemical processes (Kump and Arthur, 1999). The absence of biostratigraphic index 

fossils makes carbon isotope chemostratigraphy particularly useful in the study Precambrian 

sediments (Knoll et al., 1986). In addition, the stable isotope geochemistry of ancient 

sedimentary carbonates is of special interest for deducing the behavior of carbon in the ocean-

atmosphere system (Berner, 2006) and perturbations and changes to the geological carbon 

cycle as recorded by carbon stable isotope ratios (Broecker, 1970; Knoll et al., 1986; 

Schidlowski et al., 1975). Prior work on Archean carbonate platforms has provided multiple 

lines of evidence for exploring these aspects. For example, Siahi et al. (2018) reported an 

approximate composition of DIC of 2.5 ‰ in coeval seawater based on the δ13C isotope values 

of least altered carbonate samples of 2.96 Ga Chobeni Formation (Pongola Supergroup, South 
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Africa), which are similar to the previously published data (Perry and Tan, 1972; Schidlowski 

et al., 1983; Veizer et al., 1990). In contrast, carbonate δ18O values may record source-water 

contributions and/or diagenesis- and metamorphism-related overprints (Siahi et al., 2018). The 

2.80 Ga Steep Rock carbonate δ13C and δ18O values (Fralick and Riding, 2015) are somewhat 

similar to the δ13C and δ18O values of the Neoarchean (2.62-2.55 Ga) Campbellrand-Malmani 

carbonate platform (Fischer et al., 2009; Eroglu et al., 2017) as well as the Neoarchean Cheshire 

(Abell et al., 1985a), Neoarchean Mushandike (Abell et al., 1985b), and Paleoproterozoic 

Carwine (Veizer et al., 1990) carbonate platforms. However, there exist significantly less 

carbonate stable isotope data for the earliest carbonate platforms on Earth, which are 

Mesoarchean in age. 

The Red Lake greenstone belt hosts Earth’s first substantially thick (>200 m) accumulation 

of sedimentary carbonate, the 2.87 Ga Red Lake carbonate platform (RLCP) in northwest 

Ontario, Canada. Amongst Mesoarchean sedimentary carbonates, the Red Lake carbonate 

platform is particularly interesting as it preserves both shallow-water (stromatolitic carbonate) 

and deep-water (abiotic carbonate) carbonate lithofacies, providing an exceptional opportunity 

to examine Mesoarchean carbonate deposits in shallow-to-deep transect and fill critical gaps 

regarding the isotopic composition of inorganic carbon and oxygen in the Mesoarchean 

sedimentary carbonate record (Afroz et al., 2023). McIntyre and Fralick (2017) reported the 

isotopic composition of carbon and oxygen of dolomite-rich stromatolites and a few calcite-

rich Atikokania samples from Red Lake outcrops, but little stratigraphic context is available 

between the different studied outcrops. This chapter presents a detailed stable carbon-oxygen 

isotope chemostratigraphy of five cored drill holes transecting shallow- to deep-water 

carbonates in the RLCP, with the goal of better understanding their origin, post-depositional 

modification, and operation of the Mesoarchean carbon cycle more generally. 
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Figure 5.1. (A) Geological map of the Red Lake carbonate platform with an inset showing 
location of the Red Lake Greenstone Belt (red square) in the Canadian Shield. Dips are sub-
vertical with regional younging to the south. Modified after Sanborn-Barrie et al., 2004. (B) 
Stratigraphic profiles and correlations were prepared from nine cored drill holes. Chemical 
sedimentary rocks alternate with siliciclastic rocks, with shallow water stromatolitic carbonate 
overlying and underlying other lithologies deposited in deeper water. The X to X¢ and Y to Y¢ 
lines show the correlation lines between the PB12-35 and the PB12-34 holes and the PB12-32 
and the NGI10-31 holes, respectively. The horizontal distance of the stratigraphic columns in 
the figure represents the approximate drill collar positions from west to east ( modified after 
Afroz et al., 2023). 
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5.2 Geological background and sampled material 

The Red Lake carbonate platform belongs to the Red Lake Greenstone Belt, located in 

the Ball assemblage of Uchi Subprovince of the Superior Province, northwestern Ontario, 

Canada (Corfu and Wallace, 1986, Sanborn-Barrie et al., 2001, 2000).  Originally thought to 

be deposited 2940 ± 2 to 2925 ± 3 Ma ago (Corfu and Wallace, 1986) its age was recently 

revised ca. 2.87 Ga (Patry et al., in review). Most parts of the Uchi subprovince were subjected 

to greenschist to lower amphibolite facies metamorphism (Corfu and Wallace, 1986; Thurston 

and Breaks, 1978). The Mesoarchean Red Lake carbonate platform comprises various chemical 

sedimentary rocks and siliciclastic sedimentary rocks, and the entire sedimentary assemblage 

is overlain and underlain by mafic to felsic volcanic rocks (Corfu and Wallace, 1986; Sanborn-

Barrie et al., 2001, 2000). This platform is 290 m thick, and its modern known exposure is 

approximately 14 km wide from east to west (Figure 5.1). It consists predominantly of 

stromatolitic dolostone and a lesser occurrence of massive limestone with the occasional 

presence of crystal fans (Hofmann et al., 1985; McIntyre and Fralick, 2017). Various other 

chemical sedimentary rocks, such as chert, oxide iron formation, and siliciclastic sedimentary 

rocks, such as black shale, sulfidic black shale, siltstone, and sandstone are also preserved in 

this carbonate platform and overlaid, underlaid, and interlaid by carbonates (Afroz et al., 2023).  

The depositional settings of the carbonate platform have been reconstructed using 

sedimentological and geochemical data from outcrops and nine-cored drill holes (Afroz et al., 

2023; Hofmann et al., 1985; McIntyre and Fralick, 2017). The stromatolitic dolostones are 

highly silicified, showing peritidal depositional features and suggesting shallow water 

depositional environments, whereas the massive limestones are devoid of biogenic features and 

recrystallized, representing deep subtidal to upper slope depositional environment (Afroz et al., 

2023; McIntyre and Fralick, 2017). The dolostone facies is well preserved in outcrops, 

dominating the platform top, and captured in multiple industry drill holes cores, whereas the 
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limestone facies are preserved in the eastern and western margins of the carbonate platform 

and captured only in the PB12-35 and PB12-34 holes (Afroz et al., 2023; McIntyre and Fralick, 

2017). Carbonate samples for stable carbon and oxygen isotope analysis were taken from five 

cored drill holes i.e., PB12-35, PB12-32, PB12-33, EBL10-28, and NGI10-31. Among these 

drill holes, the PB12-35 hole contains dolostone and limestone facies; the rest contain only 

dolostone facies (Afroz et al., 2023). Two short drill cores, 17-GA1 (2.1 m in length) and 17-

NG (1.8 m in length) were obtained in the field from outcrops in the Golden Arm area and the 

shoreline north of Galena island, near the collar location of the industry drill hole NGI10-31 

(Figure 5.1). These sampled a m-scale dome consisting of alternating layers of crystal fans and 

massive calcite that outcrops on the western shore of Golden Arm, and a package of 

stromatolitic bioherms composed of partially silicified dolostone with abundant microbialite 

features that is typical of the shoreline north of Galena island. 

5.3 Methods 

A total of 187 samples of dolostone and limestone were analyzed for their carbon and 

oxygen stable isotope composition. A pure tungsten carbide hammer-operated piston and 

cylinder were used to crush samples, and then an agate ring mill was used to powder samples 

to below 200 mesh. Approximately 200 to 250 µg of powdered carbonate samples were 

weighed on a precision microbalance and put into small glass vials. The glass vials were placed 

in a carousel along with similarly prepared standards inside a Kiel IV carbonate device. 

Samples were reacted with four drops of 100% phosphoric acid (H3PO4) at 72ºC, releasing CO2 

and H2O. These gases were cryogenically trapped using liquid nitrogen (-192°C) while the 

residual products were emptied by vacuum pumping at the end of the reaction. The trap is then 

warmed to -90°C, releasing CO2 in gaseous form which was again transferred to liquid nitrogen 

to be concentrated. Finally, to analyze the stable isotope composition of carbon and oxygen, 

the viscous purified CO2 flowed was in a capillary connected to a dual-inlet ThermoFisher 
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MAT 253 gas source mass spectrometer at the PSO’s IRMS stable isotope laboratory at the 

European Institute of Marine Studies (IUEM), France. 

The results are presented in the conventional delta (δ) notation, defined by the following 

equation, and reported in per mille (‰) units relative to the VPDB-standard (Vienna Pee Dee 

Belemnite):  

𝛿	= [(𝑅𝑠/𝑅𝑠𝑡𝑑) - 1] ×1000 ‰ 

where R = 13C/12C or 18O/16O; Rs = Measured ratio in the sample, and Rstd = Ratio of the 

standard. 

The international standards NBS-18, NBS-19, and the internal standard CAMIL-21 were used 

to calibrate the δ13C and δ18O isotope compositions and the precision for δ13C and δ18O was 

0.1 ‰ (2σ) and 0.2 ‰ (2σ), respectively. 

5.4 Results 

The δ13C and δ18O values of the analyzed Red Lake carbonate samples from different 

drill hole cores and outcrops are tabulated in Appendix B. The δ13C values of limestone samples 

from the PB12-35 hole range from -1.18 to 1.33 ‰ and δ18O values range from -15.90 to -8.62 

‰ (Figure 5.2A). The dolostone samples from this hole ranged from -3.0 to 0.13 ‰ and -16.29 

to -12.31 ‰ for δ13C and δ18O, respectively. Most of the limestone samples show heavier 

isotopic compositions while the dolostone samples have a lighter isotopic composition, for 

both δ13C and δ18O isotopes. Throughout the stratigraphic profile, the δ13C isotopic 

composition of limestone samples is >0 ‰ except for a few samples between 45 m to 63 m, 

150 m to 160 m, and 185 m to 200 m intervals where several samples show the isotopic 

composition of greater than 0 ‰. Conversely, most of the dolostone samples possess δ13C 

isotopic compositions below 0 ‰, except for two samples at 162m and 180 m depth. The δ18O 

values in limestone samples spanning from 20 m to 35 m, 130 m to 145 m, and 210 m to 215 
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m intervals are > -10 ‰, whereas the rest of the limestone samples have values between -15.21 

and -10 ‰. The majority of the dolostone samples have δ18O values between -16.29 and  

 
 

Figure 5.2. (A) Chemostratigraphic profiles of oxygen isotopes, carbon isotopes, and TOC 
contents of the PB12-35 hole. (B) Chemostratigraphic profiles of oxygen isotopes, carbon 
isotopes, and TOC contents of the PB12-32 hole. 
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-14.82 ‰, while a few samples in the 48 to 52 m interval have δ18O values between -13.8 and 

-12.3 ‰. 

Dolostones of the PB12-32 core yield δ13C values between -4.89 and 0.47 ‰ and δ18O 

values between -17.26 and -8.75 ‰ (Figure 5.2B). Samples mostly possess δ13C values greater 

than 0 ‰, there exist a few exceptions. Most of the dolostone samples have light isotopic values 

of δ18O, but slightly heavier isotopic values are observed from the 110 m to 125 m and 185 m 

to 195 m depth intervals. 

 Samples of dolostone from the PB12-33 core show δ13C values of -1.10 to 0.84 ‰ and 

δ18O values of -15.75 to -13.69 ‰, respectively (Figure 5.3A). In this hole, δ13C values are 

predominantly near -0.3 ‰ for most of the dolostone samples, while the δ18O isotopic signature 

is relatively static around -15 ‰, except a few samples at 89.8 m and 118.8 m depths that show 

values around -13.69 and 13.90 ‰, respectively. 

 The isotopic composition of dolostone samples of the EBL10-28 hole varies from -0.19 

to 0.75 ‰ for δ13C and -15.51 to -13.07 ‰ for δ18O (Figure 5.3B). The δ13C values are 

consistently positive throughout the profile, with only two samples at 143 m (-0.19 ‰) and 164 

m (-0.04 ‰) depth showing δ13C values below zero. The δ18O isotopic compositions are also 

consistently around -14 ‰ with no remarkable deviations. 

The δ13C and δ18O values of dolostone samples in the NGI10-31 core range from -2.85 

to 1.04 ‰ and -16.65 to -12.21 ‰, respectively (Figure 5.4A). Again, most of the dolostone 

samples have >0 ‰ isotopic composition of δ13C and the rest of the samples have lighter (<0 

‰) isotopic values. The δ18O isotopic composition of dolostone samples is relatively stable 

around the value of -14 ‰ but some samples near the bottom of the hole have slightly heavier 

values. 

 

 



Chapter 5: Carbon and Oxygen Isotope Chemostratigraphy 

 154 

 

Figure 5.3. (A) Chemostratigraphic profiles of oxygen isotopes, carbon isotopes, and TOC 
contents of the PB12-33 hole. (B) Chemostratigraphic profiles of oxygen isotopes, carbon 
isotopes, and TOC contents of the EBL10-28 hole. 
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Figure 5.4. (A) Chemostratigraphic profiles of oxygen isotopes, carbon isotopes, and TOC 
contents of the NGI10-31 hole. (B) Chemostratigraphic profiles of oxygen isotopes, carbon 
isotopes, and TOC contents of the 17-GA1 hole. 
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Limestone samples from the short drill core obtained in the field from outcrop at Golden 

Arm (17-GA1) show δ13C values varying from -0.72 to 1.52 ‰ and δ18O values varying from 

-12.74 to -8.52 ‰. Dolostone samples from the short backpack core 17-NG yield 0.34 to 0.87 

‰ for δ13C and -14.49 to -11.89 ‰ for δ18O; while not plotted here in stratigraphic section as 

this interval was spanned by the NGI10-31 hole collared nearby, these data are tabulated in 

Appendix B and included in all figures.  

5.5 Discussion 

The bulk Precambrian marine sedimentary carbonates have δl3C values around 0 ‰, 

similar to the values of the Phanerozoic marine carbonates (Schidlowski et al., 1983). The 

isotopic composition of marine carbonates can reveal important information about both local 

and global paleoenvironments, but caution is warranted as primary isotopic signatures are often 

secondarily modified by later interaction with hydrothermal fluids and/or freshwater. The 

δ18OVPDB value of Archean carbonates varies from -15 to -9 ‰ (Beukes et al., 1990; Fischer et 

al., 2009; Heimann et al., 2010; Kaufman et al., 1990), which is significantly lower than 

Phanerozoic marine carbonates. Diagenetic processes such as meteoric diagenesis or 

metamorphism tend to reduce both the δ13C and δ18O composition of carbonate rocks, and 

dolomitization also generally acts to lower the δ18O value (Bristow and Kennedy, 2008; 

Fairchild and Kennedy, 2007; Kaufman and Knoll, 1995; Melezhik et al., 2003; Quinn and 

Matthews, 1990; Singh et al., 1998). Meteoric waters are depleted in δ18O relative to seawater, 

so δ18O tends to decrease with an increased influx of meteoric water. Depending on the 

water/rock (W/R) ratio of metamorphic fluids during recrystallization, the isotopic composition 

of carbonate rocks also can be re-equilibrated with high-temperature fluids of diverse isotopic 

composition (Choquette and James, 1987; Reinhold, 1998). High-temperature metamorphic 

fluids are characterized by high oxygen and low carbon contents, and therefore, the δl8O isotope 

compositions of carbonate rocks tend to shift towards lower values while δl3C shows little 
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change (Banner and Hanson, 1990; Masters and Benestad, 2013; Melezhik et al., 2003) after 

exchange with metamorphic fluids. Thus, while events occurring during early lithification or 

later metamorphism may generate lighter secondary δ18O isotopic values in ancient carbonates, 

the correlation between δ13C and δ18O can be useful for distinguishing meteoric and burial 

lithification from marine excursions (Knauth and Kennedy, 2009). When primary isotopic 

compositions are preserved in carbonates, the isotopic compositions of seawater and/or 

seawater temperature during carbonate precipitation can be reconstructed by the oxygen 

isotope composition of carbonates (Epstein et al., 1951) 

5.5.1 Lithological, diagenetic, and metamorphic controls on carbon and oxygen stable 

isotope compositions  

Across all studied samples, the limestone samples have relatively heavier isotopic 

compositions in δ13C and δ18O than the dolostone samples. Among the Red Lake carbonate 

samples, most of the limestone samples have δ13C values >0 ‰ while only a few of the samples 

have lower values down to -1.25 ‰, whereas most of the dolostone samples have δ13C values 

between -1 to 0.7 ‰ and the remainder have slightly more negative values (up to -3.2 ‰). The 

δ18O values also show an important contrast between carbonate mineralogies, with values from 

-8.62 ‰ to -15.21 ‰ and -12.21 ‰ to -16.66 ‰ for the limestone and dolostone samples, 

respectively. Some of the limestone samples have a heavier δ18O isotopic composition while 

others have lighter isotopic compositions, similar to the dolostone samples (Figure 5.5). 

The Red Lake carbonate dataset thus shows an important mineralogical control on the 

δ13C and δ18O isotope compositions between the limestone and dolostone facies.  The 

limestones were precipitated offshore while the peritidal stromatolitic dolostones were formed 

in a near-shore environment (McIntyre and Fralick, 2017). Thus, water depth possibly 

controlled the variations in carbonate stable isotope compositions observed in the 

chemostratigraphic profiles, with heavier δ13C and δ18O isotopic compositions in limestone 
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being driven by sea level fluctuations. Sea level rise drowns siliciclastic sources, restrains 

meteoric water invasion, promotes extension of a carbonate platform, and results in continental 

runoff with low δ13C and δ18O values. Inversely, pervasive invasion of meteoric waters into 

carbonate platforms occurs during sea-level fall when the shallow marine segment of the 

carbonate platform may be exposed subaerially, allowing freshwater to penetrate into pore 

fluids and result in the lighter isotopic composition in carbonates (Knauth and Kennedy, 2009).  

 

Figure  5.5. Histograms of d13C and d18O for limestone and dolostone samples of the Red Lake 
carbonate platform. 
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Figure 5.6.  Plots of d13C and d18O versus Y/Ho ratio and La anomalies for whole rock and 
weak leach digest data for Red Lake carbonate. 

 

If primary signatures are preserved, in a well-mixed ocean that is in equilibrium with 

the atmosphere (Kump and Arthur, 1999), then the chemostratigraphy of δ13Ccarb would reflect 

the δ13C of dissolved inorganic carbon (DIC) values of contemporaneous seawater (δ13CDIC). 

Interestingly, the heavier isotopic compositions for both δ13C and δ18O in offshore Red Lake 

limestones is correlated with evidence from REE indicators, specifically high Y/Ho ratio and 

La/La* anomalies, indicative of more fully open marine conditions (Figure 5.6). This signature 

is difficult to explain by metamorphic processes as they are unlikely to affect the REE 
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systematics of the samples. Rather, the correlation between C and O isotope compositions 

(potentially modifiable) and REE indicators (unlikely to be modified) indicates that carbonate 

C and O isotope compositions were controlled by the loci of carbonate precipitation on the 

paleoshelf and not by late-stage metamorphic processes. Dolomitization is a special case that 

is discussed below; in any case, regarding the limestones, the most positive values for both 

δ13C and δ18O, corresponding to those samples showing the largest Y/Ho ratios and La/La* 

anomalies, may point towards the open ocean DIC signature. The δ18O values of >-10 ‰ for 

limestone samples would thus be the result of precipitation in the offshore environment, 

whereas the lighter isotopic compositions in dolostones are associated with a more shallow-

water environment where occasional fluvial influx may have been present. 

 

 

Figure 5.7. (A) TOC vs. d13C plot for limestone and dolostone samples. (B) TOC vs. d18O for 
limestone and dolostone samples. 
 

The high TOC carbonate samples from transitional facies such as carbonate-magnetite 

and slumped carbonates of the RLCP correlate with lighter δ13C isotopic signatures in 

carbonate (Afroz et al., 2023). However, lighter δl3C values for the Red Lake carbonate samples 

analyzed here are sometimes, but not systematically, related to high TOC contents. Depleted 
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δl3C values have been reported for deeper water carbonates in Archean carbonate platforms 

from different localities such as the Hamersley Group (Becker and Clayton, 1972; Kaufman et 

al., 1990), Transvaal Supergroup (Beukes et al., 1990; Fischer et al., 2009; Schneiderhan et al., 

2006) and Steep Rock Lake (Fralick and Riding, 2015). In aqueous environment, 

photosynthesis occurs in surface waters, but the oxidation of organic matter continues 

throughout the water column. This process can lead to a decreasing gradient of δl3C values in 

dissolved inorganic carbon (DIC) with depth, and marine carbonates precipitated along this 

gradient may reflect these variations (Broecker and Peng, 1982). Red Lake limestone and 

dolostone samples show variable δ13C isotopic compositions though they have similar TOC 

content, therefore, it remains ambiguous as to whether lighter δ13C isotopic compositions are 

dependent on TOC (Figure 5.7). The TOC contents of Red Lake dolostone samples are similar 

to the limestone samples, but they achieve lighter isotopic compositions at times, which we 

interpret to reflect the oxidation of organic matter influencing the DIC pool of the shallow 

marine environment.  Thus, lighter δ13C values in Red Lake carbonates could reflect organic 

matter recycling during diagenesis and/or enhanced inputs from organic-matter-derived DIC 

in productive shallow waters, while less productive deep waters forming limestone from the 

open ocean DIC pool would expect to be less susceptible to water column shifts in δ13CDIC.  

Dolomitization warrants special consideration and can occur in many ways in nature. 

The intimate co-occurrence of calcite and dolomite in the Red Lake carbonate platform means 

that they experienced the same metamorphic history, indicating against selective resetting of 

oxygen isotope compositions in dolomite during metamorphism. In modern environments, 

dolomite is commonly formed in restricted evaporative settings with hypersaline seawater 

(Friedman, 1980) imparting an isotopically heavier composition in δ18O. Lighter isotopic 

compositions of δ18O in dolomites are typically interpreted to reflect the presence of 

isotopically light waters during dolomitization (Wright and Tucker, 1990). The consistently 
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lighter δ18O isotopic composition of Red Lake dolomite suggests diagenetic alteration of the 

composition of δ18O in dolomite. Under the microscope, both dolomite and calcite samples 

show twinning, and calcite grains commonly have thick twins which is an indication of 

deformation above 200° C (Ferrill et al., 2004). Raman analysis of Red Lake samples also 

confirms that the metamorphic temperature reached up to 550° C (M. Van Zuilen, personnel 

communication). Because of the high-grade metamorphism, no primary mineralogical features 

are preserved in the limestone and dolostone samples, and the recrystallization of carbonate 

grains makes it difficult to assess diagenetic fingerprints using petrography.  

Sediment-buffered diagenesis tends to retain the original isotopic composition of 

sediments if the diagenetic fluid carries a low abundance of major elements contained in the 

sediments. Sediment-buffered diagenesis typically occurs on the seafloor where diffusion-

driven fluid flow rates are low (Fantle et al., 2010), or in a setting with low concentrations of 

carbon-rich fluid. In contrast, fluid-buffered diagenesis can reset the isotopic composition of 

the primary carbonate sediments as the fluid-to-rock ratio for carbon becomes cumulatively 

higher due to high fluid flow rates. Fluid-buffered diagenesis commonly occurs in shallow 

water and peri-platform settings where buoyancy and geothermal convection-driven high fluid 

flow prevail (Henderson et al., 1999; Kohout, 1965). The Sr/Ca ratio tends to be comparatively 

high for sediment-buffered calcium carbonate rocks, and low for fluid-buffered diagenetic 

dolomite (Higgins et al., 2018), and the Red Lake limestone and dolostone samples show such 

a distribution in Sr/Ca ratios, with calcite samples possessing high Sr/Ca ratios and dolomites 

low Sr/Ca ratios (data not shown). Based on δ13C data from the 0.77 to 0.59 Ga Otavi/Swakop 

platform (Kunene Region, Namibia), Hoffman and Lamothe (2019), reported that sediment-

buffered diagenesis was occurring in foreslope areas while fluid-buffered diagenesis prevailed 

along lower foreslope. Fluid-buffered diagenetic processes usually generate positive 

covariation in δ13C and δ18O isotope compositions of marine carbonates (Kaufman and Knoll, 
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1995) and can be assessed using Mn/Sr ratios and isotopic values of δ18O (Chang et al., 2020). 

If Mn/Sr < 3 and δ18O > -10 ‰, then it is suggestive of the preservation of primary signatures. 

A positive correlation between δ13C and δ18O is observed in the Red Lake carbonate samples 

(Figure 5.8A). However, the δ18O values of Red Lake dolostone samples are consistently < -

10 ‰, and not all of them have Mn/Sr ratios <3 (data not shown). Due to the intense 

hydrothermal inputs, Archean seawater was more Mn-rich than modern seawater. Therefore, 

using Mn/Sr ratio as an alteration index for Archean carbonates may not be appropriate. 

Satkoski et al (2017) reported that Red Lake limestones have pristine Sr isotopic composition 

typical of seawater at that time, whereas the dolostone Sr isotope compositions show evidence 

of resetting. These data indicate that Sr isotope resetting occurred during dolomitization.  

 

Figure 5.8. (A) d13C vs. d18O plot of Red Lake carbonates Error bars show 3σ values of d13C 
and d18O. (B) Red Lake carbonates data with the global carbonate dataset (C) Geologic age vs. 
d13C plot. (D)  Geologic age vs. d18O plot. 
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While it remains unclear exactly when diagenesis/dolomitization happened at Red Lake 

and by what diagenetic pathway, the interbedding of dolomite and calcite in the PB12-35 hole 

indicates that dolomitization was not regionalized, but rather restricted to individual units, 

suggesting that at least initial dolomitization processes occurred during early sediment 

diagenesis. Massive dolostones may occur at higher temperatures due to deep burial or 

hydrothermal dolomitization of calcite or aragonite precursors by Mg-rich fluids, and the 

formation of saddle dolomite is diagnostic of high temperature alteration processes (Gregg et 

al., 2015; Ryb and Eiler, 2018; Shuster et al., 2018). The presence of saddle dolomites and the 

sweeping extinction of Red Lake dolostone samples suggest high temperature secondary 

dolomitization to some degree, which is not unexpected given the upper greenschist / lower 

amphibolite facies metamorphism experienced by the carbonates. However, such processes 

cannot explain the dolomite and limestone interbedding in the PB12-35 core, which 

necessitates early diagenetic processes that affected one bed prior to deposition of the next bed. 

The ensemble of available evidence indicates that dolomite was formed during early 

diagenesis, but experienced recrystallization at high temperatures, generating saddle dolomite 

from pre-existing dolomite while the limestone remained undolomitized. It is likely that near-

shore dolomitic carbonates underwent fluid-buffered diagenesis during sea level fall, while the 

deeper water calcic carbonates experienced only sediment-buffered diagenesis as they 

remained subaqueous. While future paragenetic sequence studies may better resolve this issue, 

the secular changes in isotopic values between the limestone and dolostone facies in the 

stratigraphic sequence, and their clear correlation with REE indicators for connectivity to the 

open ocean, indicates that water depth (i.e., periodic sea level oscillation) was an important 

control on isotopic compositions, and that the carbonates thus preserve some primary 

signatures that have not been erased by later overprinting.  
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5.5.2 Potential paleoenvironmental signals preserved in the Red Lake carbonate 

platform 

Correlation between δ13C and δ18O in Red Lake carbonate samples shows a somewhat co-

variant relationship exists in the dataset for some of the samples (Figure 5.8A). In coastal 

environments, meteoric ground waters mix with marine pore fluids and sediments lithify 

rapidly (Land et al., 1987) which eventually results in a rough covariation between δ13C and 

δ18O, i.e., δ13C increases as δ18O increases (Gross and Tracey Jr, 1966; Melim et al., 2001; 

Quinn and Matthews, 1990). Therefore, this type of relationship indicates that samples were 

formed in a meteoric and marine pore fluid mixing environment. In Figure 5.8A, the uppermost 

cluster (dotted circle) of samples is likely a representation of marine DIC-dominated pore fluid 

via open marine deposition of carbonates, and samples that are plotted towards the left denote 

those influenced by post-depositional alteration caused by late-stage deep burial diagenesis or 

metamorphism. The isotopic composition of δ18O in dolostone samples differs from the 

isotopic composition of limestone samples, which is likely an indication of diagenetic 

alteration of the composition of δ18O in dolostone. As discussed above, limestone and 

dolostone occur together in the Red Lake carbonate platform, they must have been 

metamorphosed simultaneously, and thus, resetting of the oxygen isotopic signature during 

metamorphism in the case of dolostone is ruled out. Overall, the isotopic composition of δ13C 

and δ18O is comparable with carbonates of different ages across geological times (Figures 5.8B, 

5.8C, and 5.8D).  

A comparison of the δ13C and δ18O values of Red Lake carbonates analyzed here with data 

from other Archean carbonates reveals that they are typical for the Archean. The δ13C values 

of carbonate samples from the Mesoarchean Chobeni formation (2.96 Ga, Pongola Supergroup 

in South Africa) range from -2.4 to 2.5 ‰, where the 2.5 ‰ value of δ13C obtained from the 

least altered carbonate samples has been suggested to represent DIC in coeval seawater 
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Figure 5.9.  d13C vs. d18O plot for Archean (3.6 to 2.5 Ga) carbonates from different localities. 
 

(Siahi et al., 2018). The δ18O values of Chobeni carbonates range from -19.6 to -12.0 ‰, and 

the low δ18O values have been interpreted as alteration of carbonates during greenschist facies 

metamorphism and isotopic exchange during meteoric/burial diagenesis (Siahi et al., 2018). 

The Woman Lake (2.86 Ga, Superior Craton in Canada) carbonates have δ13C isotopic values 

ranging from -3.83 to 1.30 ‰, the light and heavy carbon isotopes being interpreted as derived 

from subtidal to upper intertidal flat and lower intertidal flat, respectively, while the δ18O 

values range from -17.96 to -8.82 ‰, with depleted oxygen isotopes interpreted to represent 

alteration through burial diagenesis (Ramsay, 2020). The Mosher platform carbonates (2.80 

Ga, Steep Rock Lake, Canada) have δ13C values ranging from 0.1 to 2.7 ‰ (Fralick and Riding, 

2015). The δ13C and δ18O values of the 2.62-2.55 Ga old shallow-marine Campbellrand-

Malmani carbonate platform (South Africa) vary from -1.6 to 0.4 ‰ and -13.2 to -5.4 ‰, 
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respectively, for lagoonal and intertidal carbonates (Eroglu et al., 2017). The δ13C and δ18O 

isotopic compositions of limestone and dolostone samples in the Red Lake carbonate platform 

are thus comparable with the isotopic values of carbonates in these other Archean carbonate 

platforms (Figure 5.9). It is interesting to note that Mesoarchean carbonates display a slightly 

heavier carbon isotopic composition relative to Neoarchean carbonates. The most positive d13C 

values in Mesoarchean carbonates that are most likely to represent the mean ocean DIC pool 

vary between 0.5 to 2.5 ‰, but in Neoarchean, d13C values shifted towards zero (Figure 5.9). 

Such an isotopic compositional shift between the Mesoarchean and Neoarchean would 

typically be interpreted as relating to differences in the burial of organic carbon and/or the 

productivity of the marine environment; this is explored below through an isotopic mass 

balance model for the pre-platform Archean carbon cycle. 

There are different opinions regarding the interpretation of oxygen isotope values in 

chemical sediments preserved in the ancient rock record (Galili et al., 2019; Kasting et al., 

2006; Muehlenbachs and Clayton, 1976).  It has been reported that Archean chemical 

sedimentary rocks usually have lower (by ~6 to 10 ‰) δ18O values relative to modern 

carbonates (Knauth, 2005; Knauth and Lowe, 2003; Shields and Veizer, 2002; Veizer and 

Hoefs, 1976). The controlling factors of the oxygen isotope composition of global seawater are 

surface and seafloor weathering and hydrothermal alteration resulting in isotope exchange with 

near-zero silicate reservoirs (Alt et al., 1986). Hydrothermal alteration of the oceanic crust 

occurs largely at elevated temperatures (up to ~300– 350 °C) (Bowers and Taylor Jr, 1985), 

and if hydrothermal alteration of oceanic crust alone dominated the oxygen isotope budget of 

the oceans, the δ18OVSMOW of seawater would be ~6 ‰ (Ryb and Eiler, 2018).  

Kasting et al. (2006) affirm that significant secular trends remain in the oxygen isotope 

of chemical sedimentary rocks even after considering potential diagenetic and metamorphic 

effects, and thus that the residual δ18O isotope trend towards heavier values in chemical 
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sedimentary rocks over time must be related to the properties of ancient seawater. There is a 

significant debate, however, as to whether this trend is a reflection of seawater temperature and 

its control over the equilibrium isotope fractionation between seawater and chemical 

sediments, or whether it was driven by important secular evolution in the oxygen isotope 

composition of seawater. Minerals precipitating at low temperatures characteristic of modern 

seawater show temperature-depended isotope equilibrium enrichment in δ18O, while minerals 

forming at higher temperatures show muted enrichment (Muehlenbachs and Clayton, 1976). 

As mentioned above, the isotopic composition of oxygen in seawater is controlled over long 

timescales by the exchange between oxygen in water and in silicate rocks, where the δ18O of 

unaltered silicate rocks is 5.7 ‰ heavier compared to modern seawater (Muehlenbachs, 1998; 

Muehlenbachs and Clayton, 1976; Walker and Lohmann, 1989; Wallmann, 2001). During 

seawater-rock interaction, the isotopic composition of seawater moves towards increasing δ18O 

during high-temperature hydrothermal circulation whereas the isotopic composition of 

seawater moves towards decreasing δ18O if isotope exchange during seawater-rock interaction 

is less efficient (Kasting et al., 2006). The isotopic trend towards lower sedimentary δ18O 

values in deep time should be considered a primary signal as it is global and not related to 

mineralogy, metamorphism, or depositional settings (Jaffrés et al., 2007). Galili et al. (2019) 

explored two hypotheses that might explain secular rise of δ18O since Archean. First, a change 

in seawater δ18O through time may have occurred (Jaffrés et al., 2007; Veizer et al., 1999; 

Walker and Lohmann, 1989), and second, higher seawater temperatures in the early ocean may 

have muted isotopic fractionation between water and chemical carbonates and silicates, driving 

δ18O towards lower values (Knauth and Epstein, 1976; Knauth and Lowe, 2003; Robert and 

Chaussidon, 2006). The first suggests that the temperature at Earth’s surface was relatively 

constant throughout Earth's history, while the second implies significantly higher seawater in 

the deep past and buffering of seawater by seawater-rock interaction with modern-like 
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efficiency, maintaining seawater δ18O to 0 ± 1 ‰ (Vienna standard mean ocean water 

(VSMOW)) through time.  

 

Figure 5.10. (A) and (B) Plots of d18Ocalcite and d18Odolomite values against temperature. These 
data were calculated using Horita, 2014 equation assuming modeled d18Ocalcite and δ18Odolomite 
compositions are at equilibrium with -15 ‰ to +15 ‰ water of δ18OVSMOW. 
 

 
Assuming a primary δ18O signature in calcium carbonate, the temperature of precipitation 

and/or early diagenesis temperature can be calculated with simple assumptions, namely 

adopting the temperature-dependence of equilibrium isotope exchange between calcite and 

water and assigning a value for the original seawater δ18O composition (relative to VSMOW). 

The 18O/16O fractionation factors of (proto)dolomite–water, 103lnadolomite-water = 

3.140(±0.022)*106/T2 - 3.14(±0.11), are here used to calculate the temperature-source water 

driven δ18O variations expected for dolostone samples (Horita, 2014). In combination with the 

calcite–water equation (Friedman and O’Neil, 1977; O’Neil et al., 1969), the 18O/16O 

fractionation factors of (proto)dolomite–calcite, 103lnadolomite-calcite = 0.351(±0.028)*106/T2 - 

0.25(±0.13) are also calculated (Horita, 2014). These equations together provide a wide range 

of temperature and  δ18OVSMOW values of sources that might explain the observed 18O/16O 
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fractionation. Calculated dolomite and calcite formation temperatures are inversely correlated 

with δ18O values (Figure 5.10). In this figure, plots of precipitation/recrystallization 

temperatures vs. δ18Ocalcite and δ18Odolomite present three likely scenarios that can account for the 

δ18O compositions of both the calcites and the dolomites analyzed in this study.  

For calcites, the three scenarios are: (I) if the original  δ18OVSMOW of seawater is 

assumed to be significantly lighter in deep time as per the findings of Galili et al. (2019), in 

this case, set at -15 ‰, the calcite crystallization temperature would be < 40° C, indicating a 

cooler ocean; (II) if seawater is fixed at 18OVSMOW = 0 ‰, the calcite crystallization temperature 

would be around 70° C, and thus represent a significantly warmer ocean in deep geological 

time; and finally, (III) to achieve carbonates in equilibrium with metamorphic fluids at around 

18OVSMOW =15 ‰, the crystallization temperature would be ca. 200° C. The same scenarios for 

dolomite indicate either (I) <40° C crystallization temperatures from seawater with δ18OVSMOW 

values around -15 ‰; (II) crystallization of dolomite at ca. 120° C for seawater buffered to 

δ18OVSMOW ca. 0 ‰, and (III) dolomite formation at > 300° C from metamorphic fluids with 

δ18OVSMOW ca. 15 ‰. As explained above, scenario (III) is counter indicated, and the 

covariation of δ18O carbonate values with REE indicators of the different carbonate 

depositional environments argue against scenario (II), it remains difficult at present to 

confidently distinguish between the different scenarios, a long-standing problem in the 

interpretation of the δ18O composition of ancient chemical sediments for which this new data 

cannot resolve alone.  

5.5.3 Isotope mass balance in the Mesoarchean carbon cycle: the carbon lever model 

revisited 

The simple observation that thick carbonate platforms only begin to be preserved in the 

rock record from ca. 2.9 Ga onwards, starting with Red Lake, means that the Mesoarchean 

carbon cycle was necessarily different than today simply by the fact that sedimentary 
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carbonates were apparently rare, whereas today they represent the most important long term 

geological sink for carbon at Earth’s surface. Here, a simple carbon isotope mass balance model 

is explored in order to attempt to understand how the carbon cycle might have operated in the 

Mesoarchean prior to the onset of significant carbonate sedimentation on Earth. For this, we 

revisit the carbon lever model (Holland, 1984), which has long been utilized to interpret 

excursions in the carbon stable isotope composition of carbonates in sedimentary records. In 

this model, the carbon isotope composition of inputs is equal to the carbon isotope composition 

of carbon sinks. This model traditionally considers only two sinks: organic carbon burial 

(expressed as a fraction of the total carbon exiting Earth’s surface as subducted organic matter, 

Forg) and carbonate or inorganic carbon burial (calculated as 1-Forg). The model is thus defined 

as: 

δ13Cinputs = δ13Corg Forg + δ13Ccarb (1 - Forg) 

Organic carbon with an isotopically light stable isotope composition (δ13Corg, generally 

ca. -22 to -25  throughout most of Earth's history) is sequestered from the surface environment 

during burial of organic matter, pushing the isotope composition of the residual surface 

reservoir to values above the input flux, which is dominated by mantellic inputs with δ13C 

values around -5 ‰. Carbonate precipitation occurs with only minor carbon isotope 

fractionation, thus recording the composition of the residual surface reservoir. Calculated for 

today, with a δ13Corg value of ~-25% for sedimentary organic matter and with a mean global 

sedimentary carbonate δ13Ccarb value of around 0 ‰, the carbon lever model indicates that 

approximately 20% of surface carbon exits Earth’s surface as organic matter (Forg = 0.2) while 

the remaining 80% exists as sedimentary carbonates (Fcarb = 1 - Forg = 0.8). In this framework, 

positive δ13C excursions in carbonates are interpreted to represent significant organic carbon 

burial events, while negative δ13C excursions represent re-mineralization and re-injection of 
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large amounts of organic carbon into the surface CO2 reservoir. This leads ot the longstanding 

conundrum that organic vs. inorganic carbon burial fluxes throughout geological time must be 

remained in a relatively constant proportion in order to maintain δ13Ccarb values near zero for 

billions of years, as observed in the rock record. This conclusion appears untenable in the face 

of a carbonate-poor Paleo- to Meso-archean Earth. Furthermore, this model, by attributing the 

entire carbon exit flux to sedimentary carbonates and organic matter, fails to consider other 

potential sinks that may have been particularly important in deep time, such as carbonization 

of the seafloor. 

The oceanic crust has long been considered a potential sink for carbon, and all available 

evidence indicates that it acts as an important sink in the global carbon budget (Alt and Teagle, 

1999; Brady and Gíslason, 1997; Caldeira, 1995; Staudigel et al., 1989), yet it is ignored in the 

carbon isotope lever model. Basalt in the oceanic crust participates in the surface carbon cycle 

by the uptake of CO2 during seafloor weathering and precipitation of carbonates in the upper 

crust (Brady and Gíslason, 1997; Francois and Walker, 1992). Uptake of CO2 by the oceanic 

crust occurs within the upper few hundred meters of the crust, predominately, at low 

temperatures (0 - 60°C), and the carbonate content decreases with depth but increases with the 

aging of crust, i.e., older oceanic ocean crust and has a higher carbon content than the younger 

oceanic crust (Alt and Teagle, 1999). Decarbonation during the subduction of altered ocean 

crust is an important mantellic source of CO2 to the atmosphere (Caldeira, 1995; Kerrick and 

Connolly, 1998), completing the cycle. There are three potential ways by which carbonates can 

be incorporated into the upper crust: (I) seawater Ca reacts with bicarbonate (HCO3-) and adds 

CaCO3 from seawater to the crust; (II) exchange between basaltic Ca and seawater Mg and 

then Ca reacts with seawater bicarbonate; (III) dissolution of Ca-silicates from basalt due to 

intake of CO2 during submarine weathering and consequent precipitation of CaCO3 (Alt and 

Teagle, 1999). There exists relatively few data at present regarding the importance of this sink 
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in the modern carbon cycle. Alt and Teagle (1999) examined four different IODP drill sites in 

the Pacific ocean spanning in age from 6 to 165 Ma, and measured carbon content and 

carbonate vein distribution in seafloor basalts, demonstrating enrichments of up to 4.5 wt. % 

CO2 and an increase of carbonate veining with age. Only limited δ13C data has been reported 

for the carbon isotope composition of calcite veins in seafloor basalts. The δ13C values of 

carbonates in the Macquarie Island ophiolite reveal that the isotopic composition of calcite 

varies from -9.7 to 3.2 ‰, with an average of ca. -5 ‰ (Cocker et al., 1982). This means that 

seafloor carbonization represents an exit flux that is close in isotopic composition to the mantle 

input flux, and its role in carbon isotope mass balance may be muted or otherwise cryptic. 

However, recent estimates for the carbonization exit flux surprisingly indicate that rather than 

constituting a minor component of Earth’s surface carbon cycle, it may in fact be the most 

important exit flux today; Dasgupta and Hirschmann (2010) estimate that basalt-hosted calcite 

veins found in modern subduction zones capture approximately 80% of surface carbon entering 

into subduction, whereas the sedimentary carbonate exit flux (the sum of sedimentary 

carbonate and organic matter) accounts for only 20% of the total carbon flux exiting Earth’s 

surface. Such an important potential revision to the modern carbon cycle is particularly 

attractive for application to the Paleo- to Meso-archean carbon cycle when the sedimentary 

carbonate exit flux was significantly depressed or non-existent at times due to the dearth of 

sedimentary carbonates.  

We, therefore, revisit the carbon lever hypothesis by considering seafloor 

carbonatization as an additional term that may have affected the carbon cycle and contributed 

to stabilizing the carbon isotope composition of carbonates back into deep geological time. We 

can rewrite the carbon lever equation considering seafloor basalt as an additional potential sink 

for carbon as follows:  



Chapter 5: Carbon and Oxygen Isotope Chemostratigraphy 

 174 

δ13Cinputs= δ13Corg Forg + δ13Ccarb Fcarb + δ13Cseafloor Fseafloor 

or δ13Ccarb= (δ13Cinputs - δ13Corg Forg - δ13Cseafloor Fseafloor) / Fcarb 

and 

Forg + Fcarb + Fseafloor = 1 

 

Figure 5.11. Interdependence of carbon exit fluxes (A) and the resulting expected δ13Ccarb 
values (B) for a revised carbon lever isotope mass balance model with seafloor carbonatization 
included as a potentially important carbon exit flux. 
 

A simple model was constructed by assuming the following stable isotope compositions, 

which appear relatively invariant in δ13C within a few per mille for most of the geological time, 

for the various sources and sinks: δ13Cinputs = -5 ‰, δ13Cseafloor = -5 ‰, δ13Corg = -22 ‰, and 

δ13Ccarb = 0 ‰. The results of this model are presented in Figure 5.11, where the expected 

δ13Ccarb values can be calculated for any combination of Forg, Fcarb, and Fseafloor that always sum 

to 1. It’s important to note that Forg and Fcarb are not directly comparable to values calculated 

using the classic carbon lever model, as the introduction of the seafloor sink diminishes the 

relative importance of organic carbon and sedimentary carbonate burial in the total budget as 

the seafloor burial flux grows. In this model, at the low Fcarb values expected of the 
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Mesoarchean (and Paleoarchean for that matter) before the rise of carbonate platforms on 

Earth, near-zero δ13Ccarb values are readily maintained at across a range of realistic (near-

modern or below) Forg values, as long as the seafloor weathering exit flux remains an important 

part of the geological carbon cycle. Without this additional sink, carbon isotope mass balance 

depends solely on the relative importance of organic and sedimentary carbonate burial, and 

thus the size of the biosphere must scale down with decreasing sedimentary carbonate sinks in 

deep geological time. This model is attractive as it permits the establishment of an important 

biosphere on the Archean Earth despite decreased sedimentary carbonate abundances, but 

perhaps more importantly, it might explain why sedimentary carbonates are relatively static in 

their carbon stable isotope compositions over geological time, despite dramatic swings in the 

importance of carbon sinks on Earth (e.g., the rise of carbonate platforms as examined here). 

Seafloor carbonatization is thus an attractive and perhaps significantly underestimated sink for 

carbon over geological timescales that would explain how the surface carbon cycle remained 

relatively unperturbed from a carbon isotope point of view despite the rise of thick carbonate 

platforms, beginning in the Mesoarchean with the Red Lake carbonate platform. 

5.6 Conclusions 

The detailed carbon and oxygen stable isotope chemostratigraphy of the > 200 m thick 

carbonate package constituting the entire thickness of the Mesoarchean Red Lake carbonate 

platform unveils critical information regarding post-depositional alteration as well as the 

Mesoarchean carbon cycle. The stromatolitic dolostones of shallow-water origin and the 

deeper-water limestone samples show a strong mineralogical control on stable isotopic 

compositions of δ13C and δ18O, which could be related to the sea-level change and the 

accompanying meteoric water infiltration that may have driven dolomitization on the shallow 

parts of the platform. Combined with rare earth element systematics, the δ13C and δ18O isotopic 

compositions of limestone imply that their relatively heavier δ13C (> 0.5 ‰) and δ18O (> -10 
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‰) values may reflect that they captured the open ocean DIC pool. The lighter δ13C signatures 

in dolostone samples and some limestones show a correlation with TOC content that in some 

cases may be attributed to enhanced contributions from organic matter in productive shallow 

waters. The consistently lighter δ18O values in dolostone samples indicate meteoric water 

interaction during dolomitization and but are unlikely to be related to metamorphism or 

hydrothermal alteration. Finally, a revised version of the carbon lever hypothesis is presented 

and reveals that seafloor carbonization is an attractive solution to explain the stability in δ13C 

in carbonates in deep geological time prior to the rise of carbonate platforms in the 

Mesoarchean. 
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Abstract 

The earliest known thick occurrence on Earth of sulfidic black shale is preserved in the 

2.87 Ga Ball Assemblage of Red Lake Greenstone Belt in northwest Ontario, Canada. The 

pyrite and pyrrhotite minerals appear as thin laminae, nodules, and disseminated grains. Five 

epoxy-mounted disks containing nine samples of Red Lake sulfidic shales were analyzed using 

high-resolution secondary ion mass spectrometry (SIMS). A total of 150 points were obtained 

using the SwissSIMS Cameca IMS1280HR by simultaneous measurements of 32S, 33S, 34S, and 

36S in multi-collection mode with three Faraday cups. The δ34S, ∆33S, and ∆36S values range 

from -17.94 to 11.32 ‰, -0.99 to 1.41 ‰, and - 3.85 to 2.95 ‰, respectively (all values relative 

to VCDT). Most of the samples show a typical Archean slope value of -1.15 for ∆36S/∆33S and 

the range of ∆33S values is comparable to the mass-independent fractionation (MIF) reported 

from other Mesoarchean sites. The ∆33S values of most of the samples reflect an atmospheric 

contribution of elemental sulfur (∆33S>0 ‰), while a smaller number of samples have ∆33S<0 

‰ which is interpreted to reflect atmospheric sulfate. Some disseminated pyrites show negative 

δ34S isotopic compositions together with negative ∆33S values, implying microbial sulfate 

reduction of a surface sulfate reservoir that experienced atmospheric processing. The ∆33S 

values of some samples indicate mass-dependent fractionation (MDF) processes which may be 

attributed to secondary generation of pyrite and pyrrhotite. This dataset reveals that the Red 

Lake sulfidic shales preserve typical Mesoarchean MIF signals, and multiple sources, including 

juvenile sulfur (∆33S=0±0.3 ‰) as well as atmospherically processed elemental sulfur and 

sulfate, all likely contributed to the formation of Earth’s most ancient sulfidic black shales. 
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6.1 Introduction 

The sulfur isotope geochemistry of ancient sedimentary rocks is a powerful tool for 

exploring the fundamental features of the evolution of the early Earth, including tracing the 

rise of free oxygen in Earth’s atmosphere and the evolution and operation of sulfur metabolisms 

(Berner and Petsch, 1998; Canfield and Raiswell, 1999; Farquhar et al., 2000; Monster et al., 

1979; Pavlov and Kasting, 2002; Schidlowski et al., 1983; Shen et al., 2009). Sulfur has four 

naturally occurring stable isotopes (32S, 33S, 34S, and 36S). Isotopic fractionations of sulfur are 

driven by a variety of processes at Earth’s surface, including thermodynamic, kinetic, and 

biological processes affecting speciation and redox changes, and the magnitude of these 

fractionations between different isotopes of sulfur generally depend on their relative mass 

differences, so-called mass dependent fractionation (MDF). However, sulfur stable isotopes 

are among a small subset of stable isotope systems that show important mass-independent 

fractionation (MIF) at Earth’s surface, where the magnitude of isotopic fractionation processes 

are at times independent of their masses. 

The discovery of mass-independent fractionation (MIF) of sulfur isotopes in Archean 

sedimentary sulfides and sulfates, and the knowledge on their generation as the result of 

photochemical reactions as revealed by experimental photochemical and atmospheric model 

studies, has significantly improved our knowledge regarding the Archean sulfur cycle 

(Farquhar et al., 2000; Ono et al., 2003; Pavlov and Kasting, 2002). Most remarkably, the 

disappearance of important sulfur MIF signatures in ancient rock records reveals the onset of 

atmospheric oxygenation on Earth (Farquhar et al., 2000; Pavlov and Kasting, 2002). Before 

the Great Oxidation Event (GOE) ca. ~2.45 to 2.32 Ga, sulfur isotope MIF signatures are highly 

remarkable; however, after 2.32 Ga, significant sulfur MIF (specifically non-zero Δ33S values) 

are largely absent from the rock record (Bekker et al., 2004; Farquhar et al., 2000; Farquhar 

and Wing, 2003; Mojzsis et al., 2003; Ono et al., 2003; Pavlov and Kasting, 2002). This 
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fundamental change in sulfur isotope systematics are Earth’s surface is widely considered as 

the “smoking gun” for the oxygenation of Earth’s atmosphere in the Paleoproterozoic.  The 

sulfur isotope systematics of ancient sedimentary rocks have also been widely used to trace 

ancient microbial metabolisms involving sulfur, as elaborated below.  

The isotopic composition of sulfur has been studied in ancient rock records via the analysis 

of both sulfide and sulfate minerals. Sulfur in Paleoarchean metasediments (3.8 - 3.2 Ga) 

mainly occurs as sulfate minerals (barite, BaSO4), and is reported in the Warrawoona Group 

(3.45 Ga) and Sulfur Springs Group (3.24 Ga) of the Pilbara Craton, Western Australia 

(Mojzsis et al., 2003; Roerdink et al., 2012; Shen et al., 2009; Ueno et al., 2008), in the Fig 

Tree Group (3.25 Ga) and Onverwacht Group (3.45 Ga) in the Barberton Greenstone Belt of 

the Kaapvaal Craton, South Africa (Bao et al., 2007; Heinrichs and Reimer, 1977; Muller et 

al., 2016; Roerdink et al., 2016, 2012), as well as in the Sargur Group (3.23 Ga) of the Dharwar 

Craton, India (Hoering, 1989; Muller et al., 2017). The multiple sulfur isotope analyses of these 

Paleoarchean barites demonstrate that sulfate of photolysis origin was an important source to 

the early Archean ocean, and that microbial sulfate reduction (MSR) was also operating in the 

Paleoarchean (Bao et al., 2007; Muller et al., 2017, 2016; Roerdink et al., 2016, 2012; Shen et 

al., 2009; Ueno et al., 2008). Interestingly, however, barite, and indeed sulfur-rich minerals in 

general, are generally rare in the Mesoarchean (3.2 - 2.8 Ga) Era.  There is a reported 

occurrence of sulfur-rich 3.2-Ga black shales preserved in the Cleaverville Group of the Pilbara 

Supergroup, Australia, where two of three drill cores show pyrite lamina, pyrite nodules, and 

pyrite veining, although little information exists beyond their basic description in a conference 

presentation (Yamaguchi et al., 2009). Early diagenetic pyrite is reported in the 2.96 Ga 

Chobeni formation (Eickmann et al., 2018) and in the 2.83 Ga Mozaan Group (Ono et al., 2006) 

of the Pongola Supergroup. The negative Δ33S values and large δ34S isotope variations in pyrite 

samples in the Chobeni formation suggest photochemical reactions under anoxic atmospheric 
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conditions, with active MSR occurring in the water column (Eickmann et al., 2018). Detrital, 

early diagenetic, and epigenetic pyrite are also reported for the 2.98 Ga Witwatersrand 

Supergroup of the Kaapvaal Craton, South Africa, where the diagenetic pyrites show δ34S 

signatures suggesting MSR while Δ33S values for epigenetic pyrite suggests that the sulfur was 

derived from a mass-dependent or isotopically homogenous metamorphic/hydrothermal fluid 

(Guy et al., 2014, 2012). Sedimentary units of Neoarchean age (2.8 - 2.5 Ga) preserve pyritic 

shales in 2.6 to 2.5 Ga sediments (Boomplas, Vryburg, and Klein Naute Formations) of the 

Transvaal Supergroup, South Africa (Ono et al., 2009), and the Ngezi Group (ca. 2.7 Ga) of 

Belingwe Greenstone Belt, Zimbabwe (Grassineau et al., 2006, 2005, 2001; Thomazo et al., 

2013), as well as in the Bubi Greenstone Belt (ca. 2.7 Ga), Zimbabwe (Marin-Carbonne et al., 

2014). Multiple sulfur isotope analysis of 2.6-2.5 Ga early diagenetic pyrites in the Transvaal 

Supergroup shows that nodular and layered pyrites contain mostly negative Δ33S values 

representing seawater sulfate trapped through MSR, whereas the disseminated pyrites display 

positive Δ33S values reflecting aqueous H2S and S0 reservoirs (Ono et al., 2009). The wide 

range of negative δ34S values with negative Δ33S anomalies indicates active MSR in the ∼2.7 

Ga Manjeri formation in the Ngezi Group of Belingwe Greenstone Belt, Zimbabwe 

(Grassineau et al., 2006; Thomazo et al., 2013).  The analysis of pyrite nodules in 2.7 Ga shales 

from the Bubi Greenstone Belt, Zimbabwe reveals evidence of MSR (Archer and Vance, 2006) 

and reflects contributions of different sulfur sources during a complex diagenetic history 

(Marin-Carbonne et al., 2014).  

Prior to Neoarchean, the preservation of significant pyritic shale is uncommon in rock 

records. The few studies that exist have largely focused on nodular pyrite occurrences 

preserved in metasediments of Neoarchean age (Bekker et al., 2004; Kakegawa et al., 1998; 

Ono et al., 2009, 2003; Rouxel et al., 2005). However, with the exception of the ca. 3.2 Ga 

Cleaverville Formation sulfides mentioned above (and for which no data are currently 
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available), one of the oldest known substantial depositions of sulfidic black shale) is preserved 

in the Mesoarchean Red Lake carbonate platform (Afroz et al., 2023). Here, sulfides are present 

as both pyrite (FeS2) and pyrrhotite (Fe1-xS). The sulfidic black shale assemblages were 

subjected to greenschist to lower amphibolite facies (300º-550º C) metamorphism, and 

apparently, no primary depositional features are preserved (Corfu and Wallace, 1986; Thurston 

and Breaks, 1978). These assemblages are preserved in numerous industry drill hole cores from 

the Red Lake area but are rarely preserved in outcrops (Afroz et al., 2023). Together or 

separately, the black shale and sulfidic shale occur in the drill core in bed thicknesses ranging 

from 0.5 to 30 m. Such thick deposits of sulfidic carbonaceous shale are uncommon in the 

Archean rock record and remain understudied despite their potential importance for 

understanding sulfur biogeochemistry using the ancient rock record. This chapter investigates 

the in-situ multiple sulfur isotopic composition of a selection of samples from this unique 

occurrence in order to better understand sulfur sources, including potential atmospheric sulfur 

sources to the Mesoarchean ocean, as well as to better understand microbial processing of this 

sulfur and operation of the Mesoarchean sulfur cycle more generally.  

6.2 Samples and Methods 

In the core samples, pyrites are interlayered with black shale as thin (a few mm) to thick 

(~1cm) laminae, or disseminated as small particles or larger recrystallized grains, while 

pyrrhotites occur as patches or layered laminae (Afroz et al., 2023). Sub-rounded to rounded-

shaped pyrite nodules (>1 cm in diameter) of fractured and coalescent appearance are often 

scattered in the sulfidic shale-black shale units. Early diagenetic pyrite is also preserved as 

disseminated smaller grains in carbonates and sulfur-poor carbonaceous rocks.  

Eight slabbed samples of sulfidic shale containing pyrite and pyrrhotite from an 

approximately 10 m interval of the NGI10-31 hole and one sample from the PB12-32 hole 

were selected for this study. Five epoxy-mounted 25 mm disks containing nine samples were 
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analyzed using secondary ion mass spectrometry (SIMS) at the SwissSIMS Facility at the 

Institut des Sciences de la Terre, Université de Lausanne. A total of 150 points were analyzed 

to obtain quadruple sulfur isotope compositions using the SwissSIMS Cameca IMS1280HR by 

simultaneous measurements of 32S, 33S, 34S, and 36S in multi-collection mode with three 

Faraday cups. A primary Cs+ beam of 5 nA intensity was focused to a spot of about 15–20 μm 

in diameter and generated pits less than 1 μm in depth. Various pyrite standards, including 

Maine (δ34S = −20.61 ‰, δ33S = −10.63 ‰, δ36S = -39.50 ‰), Balmat (δ34S = 15.84 ‰ and 

δ33S = 8.12‰, δ36S = 30.40‰), Ruttan (δ34S = 1.2‰, δ33S = −0.61‰, δ36S = 2.28‰), Son (δ34S 

= 1.61‰, δ33S = 0.83‰, δ36S = 3.25‰), Pyr 123 (δ34S = 1.4‰, δ33S = 0.8‰), Spain (δ34S = 

−1.57‰ and δ33S = −0.78‰) (Muller et al., 2017), and the pyrrhotite standard Anderson (δ34S 

= 1.4‰) were used to determine the instrumental mass fractionation, with standard analyses 

bracketing every 5 to 10 spots. The internal precision, based on the average of internal 

precisions measured for all standard repeats, was ±0.03‰ for δ34S (2σ), ±0.04‰ for Δ33S (2σ), 

and ±0.74‰ for Δ36S. The external precision, averaged across each group of standard repeated 

was ±0.02‰ (2σ) for δ34S and ±0.02‰ (2σ) for Δ33S, and ±0.15‰ for Δ36S.  

The isotopic compositions were calculated in large and small delta notation according to the 

following equations: 

δ3aS=[(3aS/32S) sample / (3aS/32S) VCDT] -1 * 1000 

∆33S= δ33S - [(1+ δ34S/1000)0.515 -1] * 1000 

∆36S= δ36S - [(1+ δ34S/1000)1.9 -1] * 1000 

6.3 Results  

The δ34S, ∆33S, and ∆36S values of shale-hosted sulfide samples are reported relative to 

VCDT. The nodular pyrite sample (AC-210.7) yielded δ34S = -9.5 to 11.32 ‰, ∆33S = -0.24 to 

1.02 ‰, and ∆36S = -2.08 to 1.28 ‰. The disseminated pyrite grains in sample AC-210.7 show 

δ34S = -17.94 to -10.54 ‰, ∆33S = -0.85 to 0.52 ‰, and ∆36S = -2.18 to 0.47 ‰. The laminated 
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sulfide sample (AC - 210.7) containing pyrite and pyrrhotite shows values of δ34S = -6.76 to -

1.31 ‰, ∆33S = -0.28 to 0.45 ‰, and ∆36S = -2.85 to 0.59 ‰. The pyrite laminae sample (AC-

212) yielded δ34S = -0.56 to 11.32 ‰, ∆33S = -0.13 to 0.77 ‰, and ∆36S = -1.08 to 1.02 ‰. The 

nodular pyrite of AC-214 sample shows δ34S = -0.33 to -9.55 ‰, ∆33S = -0.64 to 0.58 ‰, and 

∆36S = -1.60 to 0.95 ‰ while the pyritic laminae of AC-214 sample shows δ34S = -8.84 to -

3.68 ‰, ∆33S = -0.78 to -0.28 ‰, and ∆36S = -0.67 to 0.47 ‰. The pyritic sample AC-214.7 

show values of δ34S = -2.72 to 5.96 ‰, ∆33S = -0.36 to 0.52 ‰, and ∆36S = -0.86 to 0.76 ‰. 

The pyrite and pyrrhotite rich sample PB32-282 yield δ34S = -4.89 to 11.05 ‰, ∆33S = -0.25 to 

1.06 ‰, and ∆36S = -3.85 to 0.40 ‰. The two exclusively pyrrhotite samples (AC-216 and AC-

227.1) together yield δ34S = -4.51 to -1.89 ‰, ∆33S = 0.09 to 1.41 ‰, and ∆36S = -2.12 to 0.23 

‰. The only carbonate-associated sulfide sample (NGI-43.6) shows two clusters of sulfur 

isotope compositions. One cluster displays negative δ34S values while the other cluster displays 

positive values of δ34S, while their ∆33S values are negative in both cases. Cluster one shows 

values of δ34S = -6.45 to -2.28 ‰,  ∆33S = -0.97 to -0.8 ‰, and ∆36S = 0.52 to 2.95 ‰ whereas 

cluster two shows values of δ34S = 0.13 to 3.69 ‰, ∆33S = -0.99 to -0.85 ‰, and ∆36S = -1.81 

to -0.70 ‰. 

6.4 Discussion 

Before discussing the sulfur isotope data, some attention is warranted to the fact that two 

different sulfide minerals are observed in the Red Lake sulfidic black shales. Scanning electron 

microscope (SEM) micrographs show large euhedral pyrite associated with anhedral 

pyrrhotite. This type of co-occurrence indicates an epigenetic origin of sulfides linked to 

regional metamorphism and local hydrothermal events (Hallbauer and Von Gehlen, 1983). The 

presence of pyrrhotite in carbonaceous shale and pyritic shale samples (Figure 6.1) from Red 

Lake suggests that earlier pyrite broke down during regional metamorphism and was subject 

to metamorphic desulfidation reactions (Stock, 2012). Desulfidation reactions during the  
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Figure 6.1: SEM-BSE images of sulfide samples containing pyrite and pyrrhotite. (A) Nodular 
pyrite containing pyrite and pyrrhotite. (B) Pyrrhotite laminae. (C) and (D) Pyrite laminae. (E) 
Scattered pyrite grains. (F) Patchy appearance of pyrrhotite. (G) Replacement by pyrrhotite. 
(H) Carbonate-associated pyrite grains. (I) Fractured nodules containing pyrite and pyrrhotite. 

 

metamorphic breakdown of pre-existing pyrite generally produces pyrrhotite and excess sulfur 

(Tomkins, 2010). This additional sulfur is transported as H2S dissolved in the metamorphic 

fluid (Ohmoto, 1997; Rye and Rye, 1974) and is thought to have similar but slightly enriched 

δ34S values compared to the initial pyrite (Ohmoto, 1997; Ohmoto et al., 1979). Experimental 

desulfidation experiments reveal that the fractionation of ∆33S and ∆36S between initial pyrite 

and resultant pyrrhotite is negligible, though the isotopic values of δ34S may vary to some 

degree during the chemical and mineralogical conversion of pyrite to pyrrhotite (Liu et al., 

2020). These high temperature (675º C) experiment data indicate that both the ∆33S and ∆36S 
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isotopic values of initial pyrite and secondary pyrrhotite can be effective in tracing sulfur 

sources in Archean, and that the isotopic composition of pyrrhotite can thus be useful in 

tracking sulfur MIF signatures in metamorphosed Archean rocks (Liu et al., 2020). Two Red 

Lake samples analyzed here contain both pyrite and pyrrhotite in the same analyzed chip (AC-

210.7 and PB-282). If the pyrite to pyrrhotite transformation was caused by metamorphism 

under closed system conditions, then pyrite and pyrrhotite are expected to have a similar δ34S, 

∆33S, and ∆36S isotopic compositions and should thus indicate comparable sulfur sources and 

similar evidence for microbial sulfur processing, if present. In contrast, if pyrrhotite was 

formed by hydrothermal or magmatic sulfidation, then its isotopic composition would be 

expected to differ from co-existing pyrite. Two samples composed exclusively of pyrrhotite 

(AC-216 and AC-227.1) have different (AC-216 sample has δ34S= -2.74 to -1.89 ‰, ∆33S= 

1.28 to 1.41‰, and  ∆36S= -2.12 to -0.91‰ while AC-227 sample has δ34S= -4.51 to 3.18 ‰, 

∆33S= 0.09 to 0.19 ‰, and  ∆36S= -1.4 to 0.23 ‰) isotopic compositions compared to the rest 

of the samples (Figure 6.2), suggesting an origin by later hydrothermal replacement or 

magmatic addition (Barnicoat et al., 1997; Myers et al., 1993). Even though epigenetically 

formed pyrites and pyrrhotites are abundant in Red Lake samples, there is no remarkable 

differences in their ∆33S and ∆36S isotopic compositions, which can be best explained by the 

presence of a somewhat closed sulfur system during post-depositional modification and/or 

isotopically homogeneous fluid during metamorphism (Guy et al., 2014, 2012).  

6.4.1 Sources of sulfur in sedimentary sulfides at Red Lake 

Sulfur MIF is generated largely due to photochemical reactions of volcanically derived 

sulfur dioxide above Earth’s modern ozone layer or under the ancient Earth’s ozone-poor 

anoxic atmosphere. These reactions generate anomalous enrichment or depletion in 33S and 36S 

relative to the expectation calculated for mass dependent fractionation given an associated 
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34S/32S ratio  (Bekker et al., 2004; Farquhar et al., 2000; Farquhar and Wing, 2003; Mojzsis et 

al., 2003; Ono et al., 2003; Pavlov and Kasting, 2002). Photochemical dissociation of volcanic 

SO2 in an anoxic Archean atmosphere is expected to produce elemental sulfur (S0) with positive 

Δ33S values and sulfate (SO42–) aerosols with negative Δ33S values (Farquhar et al., 2000). The 

volcanogenic SO2 is not thought to exhibit a sulfur MIF signature (Farquhar et al., 2010). Thus, 

with respect to the Mesoarchean during which contributions of sulfur from oxidative 

continental weathering are expected to have been minimal, sulfur in sedimentary pyrite is 

thought to be largely obtained from either an elemental sulfur-derived pool of polysulfides that 

may further react with iron sulfide precursors, or from a sulfate-derived sulfide pool (e.g., 

following microbial sulfate reduction) where sulfate is supplied largely by rainout of 

atmospheric sulfate (Farquhar et al., 2013). After the Neoarchean, dramatic shifts in the 

multiple isotope composition of sulfur in the rock record reveals a significant change in sulfur 

isotope fractionation processes after the Archean driven by the permanent oxygenation of 

Earth’s atmosphere (Farquhar et al., 2000). 

 

Figure 6.2: (A) δ34S vs. ∆33S plot for Red Lake sulfidic shale samples show different clustering 
but their ∆33S values are within the range of Mesoarchean samples. (B) ∆33S vs. ∆36S plot for 
Red Lake sulfidic shale samples show an average slope value of -1.15 but the slope of 
individual samples varies between - 1.5 and - 0.9 which is within the range of the Archean 
reference array. Error bars represent 4σ values of δ34S, ∆33S and ∆36S. 
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Figure 6.3: δ34S vs. ∆33S plot (A) and ∆33S vs. ∆36S plot (B) of nodular and disseminated pyrite 
sample show isotopic compositional variation. Disseminated pyrite grains show large negative 
δ34S values with accompanying negative ∆33S values suggesting microbial sulfate reduction 
(A). Nodular samples containing pyrite and pyrrhotite show a similar isotopic composition of 
δ34S, ∆33S, and ∆36S. Error bars represent 4σ values of δ34S, ∆33S and ∆36S. 

 

Syngenetic and early diagenetic sulfide minerals formed before the GOE generally preserve 

important MIF signatures in their Δ33S compositions (Δ33S: -1.29 to 2.04 ‰; Farquhar et al., 

2000). The presence of positive Δ33S values in pyritic shales suggests that pyrite precipitated 

from elemental sulfur, which is unlikely to be processed in the water column, and but rather is 

preferentially transported to the sediments as insoluble and unreactive particles (Rickard, 

2012). The Δ33S values measured for shale-hosted and carbonate-hosted pyrite samples of Red 

Lake range between -0.99 and 1.05 ‰  (Figure 6.2), and these values are within the range of 

most other Archean Δ33S values (Farquhar et al., 2002; Ohmoto et al., 2006). The Δ33S values 

of individual samples demonstrate a range of isotopic compositions indicating a mixture of 

sulfur sources at the scale of individual chips, including juvenile sulfur signatures ( 

Δ33S=0±0.2%; Farquhar et al., 2010) and sulfur MIF signatures indicating contributions from 

both atmospheric S0 and SO42- exit pathways (Farquhar et al., 2000).  
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A plot of δ34S vs. ∆33S (Figure 6.2-A) for all samples shows several distinctive populations. 

Most of the samples show values for ∆33S > 0 ‰, a lesser number show ∆33S < 0‰, and the 

remaining data plot at values between -0.2 and 0.2 ‰. Two of the pyrrhotite-dominated 

samples have contrasting isotopic compositions: one sample (AC-227.1) is characterized by 

∆33S values between 0.09 and 0.2 ‰, whereas the other sample (AC-216) shows ∆33S values 

between 1.3 and 1.4 ‰. However, pyrrhotite associated with pyrite in the nodule samples AC-

210.7 and PB-282 shows similarity with the ∆33S values of co-existing pyrite and ranges from 

-0.25 to 1.06 ‰. Some disseminated pyrites from the nodule sample AC-210.7 exhibit negative 

∆33S values and significantly negative δ34S isotopic compositions (down to -17.94 ‰; Figure 

6.3). The only carbonate-associated sulfide sample (NGI-43.6) presents two clusters with 

distinct isotopic compositions; one group shows positive while the other group shows negative 

δ34S values, but their ∆33S values are similar. The overall distribution of multiple sulfur isotope 

signatures from Red Lake samples suggests an atmospheric source of sulfur, and one that was 

composed mainly elemental sulfur but also contained a smaller atmospheric sulfate component. 

That said, the MDF signature preserved in some samples also indicates late-stage pyrite 

formation, while ∆33S values close to zero suggest the incorporation of sulfur from magmatic 

fluid.  

In addition, a plot of ∆36S vs. ∆33S for Red Lake samples shows a linear array with negative 

correlation (Figure 6.2-B), which is characteristic of Archean sulfide and sulfate samples. The 

Δ36S/Δ33S values from all Red Lake samples combined show an average slope of 1.15, which 

is typical for sulfide and sulfate in sedimentary rocks deposited between 3.2 and 2.73 Ga 

(Farquhar et al., 2007, 2002; Thomazo et al., 2009). The slope in ∆36S/∆33S defined by 

individual samples from Red Lake is within the range of the Archean reference array (-1.5 to -

0.9), except for the two pyrrhotite samples which show contrasting slopes (AC-216 = 0.14 and 

AC-227.2 = -2.03).  
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The ∆36S/∆33S ratio can show different slope values in natural samples, and variations in 

the ∆36S/∆33S slope are indicative of different sulfur MIF source reactions (Ono et al., 2009; 

Whitehill and Ono, 2012). Experimental studies show that photolysis of atmospheric SO2 

produces a ∆36S/∆33S slope value of around -1 (Farquhar et al., 2001), while additional 

photochemical reactions involving elemental sulfur (i.e., S+S2 → S3) would result in a 

∆36S/∆33S slope value of around -1.6 (Francisco et al., 2005; Ono et al., 2009). The photolysis 

of SO2 exposed to different wavelengths of UV light (190 to 220 nm vs. 250 to 330 nm) has 

also been shown to generate sulfur MIF with different ∆36S/∆33S slopes (Whitehill and Ono, 

2012). Available broadband UV photolysis experiment results using SO2 result in more 

negative values of around -1 in ∆36S/∆33S (Masterson et al., 2011). The slope values determined 

experimentally from these reactions are within the range observed in Archean sedimentary 

rocks. In the specific case of the Red Lake sulfides, the non-uniform slope values of different 

Red Lake samples of diagenetic and epigenetic origin may indicate different source reactions 

supplying sulfur bearing S-MIF, or alternatively, might represent an attenuated S-MIF signal 

due to the post-depositional isotopic exchange (Penniston-Dorland et al., 2008). In all cases, 

the sources of sulfur for the sulfidic black shales at Red Lake clearly experienced atmospheric 

processing by multiple photochemical pathways and cannot be simply attributed to later 

sulfidation of pre-existing S-poor sediments by juvenile sulfur, consistent with the sedimentary 

distribution and concentration of disseminated pyrite in specific beds at the cm-scale in certain 

samples that strongly indicates a near-synsedimentary origin.  

Similar to the Δ33S isotope compositions, the δ34S compositions are not homogeneous in 

the Red Lake sulfides, and likely represent the isotopic signature of a mixture of sources and 

processes. These include the isotopic signature of sulfur that has experienced minimal 

microbial redox processing (0 to 4 ‰; Seal, 2006), that derived from Archean seawater sulfate 

(6 to 16 ‰; Ono et al., 2003), and sulfate that underwent partial bacterial sulfate reduction in 
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sediments that led to more negative δ34S isotope compositions (Canfield, 2001; Seal, 2006). In 

an ocean that is limited in sulfate due to a largely anoxic ocean-atmosphere system, bacterial 

sulfate reduction would be expected to be near-complete, and thus produce sulfides with 

isotopic compositions close to the seawater value (Canfield, 1998; Poulton, 2011). Sediment-

hosted sulfides from the Red Lake gold mine (Stock, 2012) reveal that early diagenetic or 

syngenetic sulfides display δ34S values of -6.9 to 5.6 ‰, where the negative δ34S values were 

interpreted to be formed in anoxic environments by sulfide-reducing bacteria (Crocket and 

Lavigne, 1984; Lavigne, 1982), while the positive δ34S values were thought to be related to 

magmatic sources (Marini et al., 2011). The large negative δ34S isotopic composition and 

accompanying negative ∆33S values observed in this study for the disseminated pyrites of the 

nodule-dominated sample AC-210.7 suggest that MSR was operating, but perhaps in a limited 

manner, or alternatively, acting on a small dissolved sulfate reservoir and thus not generating 

large δ34S in variations as the result of muted fractionation at low sulfate concentrations during 

MSR. 

A combined diagram (Figure 6.4) of the multiple sulfur isotopic compositions of bulk rock 

and in-situ analyses of Red Lake sulfide-rich samples plotted along with data from other 

Mesoarchean sites, namely the Chobeni Formation of Pongola Supergroup, South Africa 

(Eickmann et al., 2018), the Mozaan Group, South Africa (Ono et al., 2006), and the 

Witwatersrand Supergroup, South Africa (Farquhar et al., 2007; Guy et al., 2012), reveal that 

their ∆33S values all generally fall within the range of -1.5 to 1.5 ‰, but that the δ34S values 

vary between the Red Lake and Chobeni Formation samples. The negative correlation of ∆36S 

and ∆33S in Red Lake samples is comparable with these Mesoarchean samples, and the slope 

values are within the range of the Archean reference array. The Chobeni nodular pyrite samples 

show δ34S values that are more negative (down to -22.4 ‰) relative to the Red lake samples, 

and have been interpreted as reflecting MSR (Eickmann et al., 2018). The δ34S isotope  
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Figure 6.4: δ34S vs. ∆33S plot (A) and ∆33S vs. ∆36S plot (B) for Red Lake samples compared 
with other Mesoarchean samples.  

 

compositions recorded in the Red Lake samples are similar to most Mesoarchean pyrites, 

including those from the Pongola and Witwatersrand Supergroup, and appear to reflect sulfide 

formation in sulfate-limited environments, with the exception of the more negative range in 

δ34S values of the Chobeni Formation. The negative δ34S and ∆33S values in the disseminated 

pyrite likely indicate a small and soluble sulfate pool in the depositional environment. Archean 

marine sulfate concentrations started to rise around 2.7 - 2.8 Ga ago, likely as the result of 

increasing contributions of sulfate from terrestrial weathering and incipient oxidation of pyrite 

(Stüeken et al., 2012). Signals of MSR are prominent for the Chobeni Formation already at 

2.96 Ga, which were proposed to relate to elevated sulfate concentrations as the result of the 

presence of an oxygenated near-shore shallow-marine environment (Eickmann et al., 2018), 

whereas the Red Lake samples show in contrast a dominance of elemental sulfur signatures 

indicating a lack of sulfate in the basin. The mostly positive ∆33S values of pyrite suggest that 
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the oxidation of magmatic pyrite via incipient terrestrial weathering under slightly oxidized 

atmospheric conditions were not the primary sulfate source for MSR. Incipient continental 

weathering involving the oxidation of magmatic pyrite are not obvious in the Red Lake basin, 

despite the fact that an ephemeral presence of oxygen has been reported (Afroz et al., 2023; 

Patry et al, in review). The dominance of positive ∆33S signals in most of the pyrite samples 

analyzed here points instead to an elemental source of sulfur carrying a clear sulfur MIF signal 

produced by photochemical reactions in the oxygen-depleted Mesoarchean atmosphere.  

6.5 Conclusion  

In-situ multiple sulfur isotope compositions were measured for shale-hosted sulfides 

containing pyrite and pyrrhotite of early diagenetic and epigenetic origin in the Red Lake 

carbonate platform. These ancient sulfidic shales represent a relatively unique occurrence of 

for such ancient sediments and represents a significant potential source of information for 

understanding sulfur sources and cycling on the Mesoarchean Earth. Most of the samples 

preserve typical Archean slope values of ca. -1.15 for ∆36S/∆33S and contain MIF values 

analogous to other Mesoarchean sites worldwide. Microbial sulfate reduction is not prevalent, 

but some evidence of its operation is evident from the non-negligible negative δ34S isotopic 

compositions combined with negative ∆33S values in the disseminated pyrite grains. A sulfur 

MDF signature is apparent in pyrite samples of secondary origin. The multiple sulfur isotopic 

composition of Red Lake sulfidic shales suggests that sulfur was derived predominantly from 

atmospherically processed sulfur, mainly from an elemental atmospheric sulfur (∆33S>0 ‰) 

source, and to a lesser extent from atmospheric sulfate (∆33S<0 ‰), with insignificant addition 

of sulfur from juvenile source (∆33S=0±0.3 ‰). These new isotopic data reveal that the Red 

Lake sulfidic shales represent a variety of sources and processes that are comparable to those 

identified for other ancient marine sediments of Mesoarchean age.  
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7.1. Summary of the principal findings 

The Mesoarchean Red Lake carbonate platform preserved, in the Red Lake Greenstone 

Belt of the Superior Craton, Canada, provided a unique opportunity to fill important knowledge 

gaps regarding the deposition of Earth’s first large carbonate platform and evolution of Earth’s 

carbonate factory during the Mesoarchean. In this thesis, I focused on the elemental and 

isotopic signatures (carbon and oxygen isotopes, multiple sulfur isotopes) preserved in the 

carbonates and associated chemical and siliciclastic sedimentary rocks deposited 2.87 Ga ago 

to better understand marine biogeochemistry at the dawn of carbonate deposition on the early 

Earth (Figure 7.1). In this final chapter, I review the principal findings of the thesis and explore 

the perspectives of this work going forwards for several specific subthemes relating to 

Mesoarchean biogeochemistry. 

 

Figure 7.1: A synthetic diagram of the Red Lake carbonate platform showing shallow-to-deep 
settings containing various assemblages of chemical and siliciclastic sedimentary rocks along 
with their important geochemical and isotopic values. 

 

The introductory Chapter 1 describes the global occurrence of carbonate rocks of 

Archean age and places the current study site into the broader context of prior knowledge of 

the Mesoarchean Earth system. Chapter 2 then described the detailed geological setting of the 
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Red Lake greenstone belt of the Red Lake carbonate platform and other Ball Assemblage 

sediments associated with this platform. The full sample preparation and analytical 

methodologies used to obtain the elemental and isotopic data for the diverse lithofacies are 

provided in Chapter 3.  

Chapter 4 is the first of three article-style chapters that constitute the core of the 

geochemical and sedimentological investigations of this thesis. Here, I address the major 

element, redox-sensitive trace element, and REE chemostratigraphy of the entire 490 m–thick 

succession, spanning the Red Lake carbonate platform comprised of more than 200 m of 

stromatolitic carbonate and minor massive carbonate, along with various other chemical 

sedimentary rocks such as chert and oxide iron formation, as well as siliciclastic sedimentary 

rocks such as black shale, sulfidic shale, siltstone, and sandstone. Five cored drill holes were 

selected for chemostratigraphic geochemical studies out of a total of nine available cored drill 

holes, all of which were logged in order to establish a stratigraphic correlation framework, and 

ultimately, to better understand the generalized stratigraphy of this unique 2.87 Ga carbonate 

platform.  

The major element, redox-sensitive trace element, and REE data together paint a 

detailed and coherent picture of sediment weathering, transport, and marine biogeochemical 

cycling spanning shallow-to-deep settings across the Mesoarchean carbonate-producing 

margin. The carbonates and other chemical sedimentary rocks show characteristic PAAS-

normalized REE+Y patterns typical of seawater, with suprachondritic Y/Ho ratios, positive La 

and Gd anomalies, and LREE depletion relative to HREE. A general lack of pronounced Ce 

anomalies and strong positive Eu anomalies suggest anoxic and hydrothermally influenced 

Archean ocean conditions. Siliciclastic sediments also show mild Eu anomalies, likely 

suggesting the basin waters were highly influenced by high temperature hydrothermalism, and 
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that some of the finer siliciclastic sediments also preserved signatures of the seawater 

composition of the Mesoarchean ocean. The positive Ce anomalies associated with Mn and Cr 

enrichment in some oxide iron formation and deeper water limestone samples and mild 

negative Ce anomalies in some limestone samples suggest intermittent oxygenation in the 

water column by photosynthetic activity, at least locally. Complementary work based on these 

same samples confirmed by La-Ce geochronology that La/Ce fractionation occurred during the 

Mesoarchean (Patry et al., in review), anchoring this site as the oldest proposed oxygen oasis 

that currently enjoys direct geochronological support. Carbonates and oxide iron formations 

show mild but significant authigenic enrichment of redox-sensitive trace elements (i.e., Mo, V, 

U, and Cr). These mild enrichments in redox-sensitive trace elements are best attributed to 

terrestrial weathering and marine hydrothermal inputs, and some oxidative processing may 

have been implicated in the former, however the low concentration of these elements in nearby 

chemical sediments appear to reflect an absence of effective oxidative cycling of these 

elements.  

Clastic sediments associated with the Red Lake carbonates revealed important 

information on surface weathering intensity and sediment provenance. CIA values of ~70 for 

the fine-grained siliciclastic sediments suggest that moderate degrees of chemical weathering 

were operating in the terrestrial environment, and trace element discrimination diagrams 

indicate that siliciclastic sediments were supplied from both felsic and mafic sources. Coarse-

grained sediments were most likely derived from tonalite, whereas fine-grained sediments were 

derived from mafic and ultramafic volcanic rocks. Finally, based on the stratigraphic and 

geochemical observations, a depositional model for the platform was proposed. Carbonate 

platform building was initiated with a transgressive flooding event that allowed carbonate 

sedimentation and stromatolites to grow in the warm waters of the photic zone with increasing 

relative sea level, with carbonate sedimentation initiated on clastic sediments forming the base 
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of the sedimentary sequence. The platform was exposed subaerially during sea level fall, and 

massive sand deposition occurred in the shallower areas of the platform. A basin-wide major 

flooding event is indicated by the accumulation of chert-oxide iron formation along with 

sulfidic shale-black shale assemblages on the eastern side of the platform, with a thinner 

accumulation of chert-oxide iron formation on the central and western sides of the platform. 

Throughout platform-building, a low-energy environment prevailed, and a non-rimmed 

platform margin is suggested for Red Lake considering the lateral and vertical variations of 

lithofacies, stromatolites, and associated structures. 

Chapter 5 presented a stable carbon and oxygen isotope chemostratigraphic study of 

the shallow water stromatolitic dolostones and deeper water massive limestones. Carbon stable 

isotope data revealed a dynamic carbon cycle spanning this shallow to deep 

paleoenvironmental transect, with δ13C values of dolostone and limestone ranging from -4.89 

to 1.04 ‰ and -3.27 to 1.33 ‰, respectively. The oxygen isotope compositions vary widely, 

with δ18O values ranging from -17.75 to -12.21 ‰ and -15.12 to -8.62 ‰, for dolostone and 

limestone samples, respectively. For both isotope systems, isotopically lighter values are 

prevalent in the dolostone samples while relatively heavier isotopic values are common for the 

limestone samples. Limestone samples that exhibit the heaviest stable isotope compositions, 

specifically with δ13C > 0.5 ‰ and δ18O > -10 ‰, are interpreted in this work as a possible 

reflection of the isotope composition of open ocean DIC pool. The lighter isotopic composition 

of δ13C in limestone samples shows a weak correlation with TOC, whereas the dolostones δ13C 

values show a stronger correlation with TOC, and in both cases, lighter δ13C values are 

interpreted to represent the incorporation of carbon derived from organic matter 

remineralization, which was more important in the more shallow environments where 

dolostone was ultimately produced. The stromatolitic dolostone shows evidence for meteoric 

water interaction during dolomitization, and based on REE data, the alteration of δ18O isotope 



Chapter 7: Conclusion and Perspectives 

 

 216 

compositions by metamorphic processes is ruled out as the primary driver of the light oxygen 

isotope compositions. Overall, the δ18O-depleted isotopic compositions of the Red Lake 

carbonates are similar to those reported for other Archean carbonate samples. Given the variety 

of carbonate mineralogies, textures, and paleoenvironmental settings observed for the Red 

Lake carbonates, it is inferred that the Red Lake carbonates experienced a variety of diagenetic 

processes, both early and late. This ultimately cumulated with late-stage burial metamorphism 

that induced sweeping extinction in both calcite and dolomite and involved dolomitization that 

continued into high temperature and pressure regimes, as testified by the occurrence of saddle 

dolomite. The δ13C data, while typical of Archean carbonates, are difficult to explain using the 

classic “carbon isotope lever” model that is traditionally to interpret variations in the carbon 

isotope compositions of sedimentary carbonates through geological time. A revised version of 

this lever, with the addition of seafloor carbonatization as an additional carbon sink to 

compensate for the dearth of sedimentary carbonates prior to the rise of Mesoarchean carbonate 

platforms, is highly revealing, indicating that the carbon cycle may have operated quite 

differently than today in deep geological time, and that seafloor carbonatization may be an 

unappreciated isotopic buffer acting to stabilize Earth’s carbon cycle in over geological 

timescales.  

Chapter 6 presented an in-situ multiple sulfur isotope study of sulfide minerals in Red 

Lake’s black shale occurrences, which are highly remarkable as some of the most ancient 

sediments on Earth show evidence for syn-sedimentary sulfide mineral formation. Sulfidic 

shale samples containing pyrite and pyrrhotite were analyzed by SIMS, yielding δ34S, ∆33S, 

and ∆36S values ranging from -17.94 to 11.32 ‰, -0.99 to 1.41 ‰, and - 3.85 to 2.95 ‰, 

respectively, across all samples. The ∆36S/∆33S ratio shows a typical Archean slope value of -

1.15 for most of the samples, except for the two pyrrhotite samples. Most of the samples show 

∆33S>0 ‰, and the rest of the samples show ∆33S<0 ‰, with a small proportion of samples 
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falling in an unfractionated 0 ± 0.3 ‰ range. These data confirm that the sources of sulfur to 

the Red Lake platform were atmospherically processed, with sulfur mainly supplied from 

elemental atmospheric sulfur (∆33S>0 ‰), with some atmospheric sulfate (∆33S<0 ‰), and 

only minor juvenile sulfur (∆33S=0±0.3 ‰). Evidence for microbial sulfate reduction is 

suggested from the important range in negative δ34S values that are accompanied by negative 

∆33S values in disseminated pyrite samples. Finally, the secondary growth of pyrite and their 

multiple sulfur isotope compositions suggest late-stage MDF processes overprinting the 

original isotopic signals of sulfur processing in Mesoarchean surface environments. 

7.2. Implications for trace element cycling and paleo-redox reconstruction at the dawn 

of oxygenic photosynthesis 

As detailed in Chapter 4, trace element chemostratigraphy of the 490 m succession of 

the Red Lake carbonate platform shows clear evidence of authigenic enrichment of certain 

redox-sensitive trace elements, as well as clear evidence for Ce redox cycling. As discussed in 

Chapter 4, the presence of positive and mild negative Ce anomalies indicate redox cycling of 

Ce, although in most settings at Red Lake, REE residence times appear to have been too short 

for Ce(III) oxidation to have generated significant negative water column Ce anomalies, as 

described by Patry et al. (in review). Nonetheless, mild enrichment of redox-sensitive elements, 

clear evidence for Ce redox cycling, the occurrence of sulfide-rich reducing sediments, the 

hints of sulfate reduction indicated by isotopically light d34S in sulfides, and the preservation 

of positive ∆33S signatures over negative ∆33S signatures, all indicate that oxidizing marine 

environments were at times established at Red Lake, at least locally. A predominance of weak 

positive Ce anomalies in chemical sediments, and restricted occurrence of negative Ce 

anomalies, indicate that the Red Lake platform captures the establishment of only weakly 

oxidizing conditions. A crucial question arising out of this work that cannot be avoided when 
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dealing with the earliest environments on Earth showing weakly oxidizing conditions is: at 

what levels of early O2 production by oxygenic photosynthesis are the cycles of different redox-

sensitive trace elements affected in the terrestrial or marine realms? In other words, are very 

mild enrichments in redox-sensitive trace elements, as observed here in a variety of chemical 

sediments across the platform, necessarily indicative of the presence of free oxygen? 

The redox-sensitive trace element data produced in this thesis reveals clear mild but 

non-negligible enrichments in Mo, V, U, and Cr. Analyses were made on highly pure carbonate 

samples (ultra-low amounts of Al and Ti) prepared with ultra-clean acids under class 1000 

clean laboratory conditions using an HR-ICP-MS instrument with detection limits that are 10 

times more sensitive (or more) than conventional quadrupole ICP-MS analyses. The 

enrichments observed in Mo, V, U, and Cr are by no means large; indeed, considering absolute 

ppm abundances, they are unremarkable compared to most literature data available for 

Mesoarchean sediments. However, when normalized to Ti, it is readily apparent that these 

elements are significantly enriched relative to potential detrital sources. This thus represents a 

conundrum of sorts: the sediments do not show trace element concentrations that could be 

considered important, and on this basis, it might be difficult to argue that oxidative enrichment 

of these trace elements was occurring. However, the trace elements that they do contain, even 

when present at ultra-low levels, must have been derived partly from seawater sources. 

Conventional thinking about redox-sensitive trace element enrichment in chemical sediment 

involves (1) oxidative solubilization of a trace element during chemical weathering, (2) 

enhanced delivery of that trace element to marine basins, (3) establishment of a larger trace 

element reservoir in contemporaneous seawater, and (4) preservation of the enrichment during 

chemical sedimentation as the result of adsorption or co-precipitation. In the case of the 

enrichments reported here, the evidence we present relates largely to (4). Whether or not the 

seawater trace element reservoirs were actually enhanced by oxidative processes (1) and (2) is 
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less certain. Indeed, considering the ultra-low concentrations of the trace elements in question, 

it is possible that soluble trace elements were captured from ancient seawater that was not 

necessarily enriched in these elements due to oxidative processes, but simply that some 

standing reservoir of these trace elements was captured, possibly in reduced form. In other 

words, for mild enrichments in highly pure chemical sediments analyzed using the most 

sensitive instruments, when can we say that an authigenic enrichment represents an oxidative 

enrichment, especially when the marine reservoir of that trace element may have been non-

negligible even under fully reducing conditions?  

The most promising avenue going forwards lies in the stable isotope study of such trace 

element enrichments. Indeed, there are already cautionary lessons published in the literature 

that speak directly to the problem of recognizing oxidation-related vs. non-oxidative trace 

element enrichments in ancient sedimentary records. For example, Konhauser et al. (2011), 

based on a combined compilation of Cr sedimentary abundances, enrichments relative to 

detrital indicators (specifically in this case, Ti), and Cr stable isotope compositions, reported 

that >2.48 Ga ago, solubilization and sedimentary enrichment of Cr throughout the Archean 

and early Paleoproterozoic occurred predominantly in reduced Cr(III) form, as the Cr isotope 

fractionations that would indicate oxidative cycling are muted at that time. Such a scenario can 

be readily applied to Red Lake, where the Cr enrichments observed in the chemical sedimentary 

lithologies may actually represent weathering of Cr exclusively as Cr(III), and a similar 

scenario can be applied to Mo, V, and U. Indeed, a recent Mo stable isotope study of Red Lake 

samples found that the δ98/95Mo isotopic composition across diverse lithofacies of Red Lake, 

while showing important variations in stable isotope composition, can all be explained by the 

different fractionating processes associated with uptake to the various lithologies investigated, 

all starting from on a common dissolved Mo source (presumably seawater) that was near 0 ‰; 

in other words, the dissolved Mo reservoir responsible for Mo authigenic enrichments at Red 
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Lake does not indicate an important role for oxic cycling (Migeon, 2022). Furthermore, in 

Chapter 4, it was seen that pronounced Eu anomalies are pervasive in the chemical sediments 

at Red Lake and are interpreted to indicate the presence of high-temperature hydrothermal 

input mixed into ambient seawater. This complicates the trace element enrichment 

interpretations even further, as hydrothermal fluids represent an additional potential source of 

solubilized trace elements, especially for Cr and Mo, that are disconnected from oxidative 

weathering. Future studies aiming to understand low-level trace element enrichments in 

chemical sedimentary rocks at the dawn of oxic seawater metal cycling will clearly benefit 

from a stable isotope approach that permits specific redox signatures to be extracted from 

Archean sediments that are more diagnostic of oxidative processes than studies of trace element 

enrichment alone.  

7.3. Perspectives for global carbon cycling at the dawn of carbonate precipitation on 

Earth 

As discussed in Chapter 5, the deeper water limestone facies show relatively heavier 

isotopic compositions (δ13C > 0.5 ‰ and δ18O > -10 ‰) relative to the shallow water 

dolostones. This division in the isotopic composition of carbon and oxygen in the Red Lake 

carbonates represents a mineralogical and water depth control between the dolostone and 

limestone facies, possibly related to periodic sea-level variations. Interestingly, for the first 

time to this author’s awareness, the C and O stable isotope compositions of these carbonates 

were shown to vary with REE indicators that themselves are highly unlikely to be affected by 

the upper greenalite to lower amphibolite facies metamorphism experienced by the Red Lake 

carbonate platform. The coupling of robust REE-based paleoenvironmental indicators with C 

and O stable isotopic proxies that are prone to resetting offers an interesting avenue forwards 

for re-examining other Precambrian chert and carbonate records where it is uncertain whether 
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primary signatures are preserved or whether their stable isotope compositions, especially with 

respect to δ18O, represent a primary signal of the paleoenvironment, or were generated much 

later by resetting with high temperature fluids at depth during burial.  

The heavier δ13C isotopic compositions, considered in light of their correlation with 

REE indicators for a strong open ocean connection (namely high Y/Ho ratios and important La 

anomalies) in limestone samples suggests that they may be capturing the DIC of the coeval 

open ocean, and this reservoir appears to be the most isotopically heavy pool sampled by the 

dataset. Intriguingly, the δ13C values of Mesoarchean samples from different localities show a 

slight but consistently heavier isotopic composition relative to the Neoarchean samples. This 

observation may represent a previously unrecognized signature of an ancient shift in the 

Archean carbon cycle. The trend is the opposite that might be expected if it was simply a 

question of enhanced productivity in the Neoarchean, which would have driven the seawater 

δ13C isotopic composition towards more positive δ13C values. It may rather indicate that 

respiration was more effective in the Neoarchean as the result of an expanding pool of oxidants 

fueling carbon remineralization. Or it may reflect changes that need to be interpreted using 

models more sophisticated than the simple carbon lever hypothesis. Indeed, in the carbon 

isotope mass balance model developed in Chapter 6 where seafloor carbonatization is an 

potential sink for carbon prior to the rise of carbonate platforms in the Mesoarchean, the entire 

sedimentary exit flux may constitute a much smaller relative proposition of the global carbon 

exit flux than previously considered. Incredibly, this model is built off of re-estimates of the 

modern partitioning of carbon between sediments and altered crust based on studies of 

Phanerozoic ophiolites.  If true, it means If we consider seafloor basalt sequestrates carbon 

from seawater that can drive the seawater composition. 
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7.4. A multiple isotope perspective on the deposition of one of Earth’s most ancient 

sulfidic black shales  

As described in Chapter 6, the sulfidic shale-black shale assemblages that occur in the 

Red Lake stratigraphy are highly significant as they constitute one of the earliest known thick 

occurrences on Earth of sulfidic black shales rich in pyrite and pyrrhotite. The only other 

Mesoarchean occurrence of such sulfide-rich sediments where the sulfides appear syn-

sedimentary to early diagenetic has been reported in the 3.3 Ga Cleaverville Formation 

(Yamaguchi et al., 2009).  The characteristic Archean slope value and the conservation of 

positive and negative ∆33S signatures confirm the preservation of MIF signals, and thus the 

source of this sulfur saw atmospheric processing by photochemical reactions in the oxygen-

depleted Mesoarchean atmosphere. As mentioned in Chapter, MSR is indicated by the range 

in δ34S isotopic compositions of disseminated pyrite grains in Red Lake samples, although 

these are admittedly muted, and the sulfate reservoir was unlikely to have been large. While 

Chapter 6 presents only a preliminary study and confirms rather simply that the Red Lake 

sulfidic black shales are generally comparable to most younger Archean equivalents, it does 

not address why such sulfide-rich sediments are concentrated at Red Lake but otherwise rare 

in the Mesoarchean rock record. And despite the typical nature of the range in multiple sulfur 

isotope compositions, it leads to reflections nonetheless on how exactly sulfur was supplied to 

the basin. One unanswered question arising from this chapter is whether the direct deposition 

of atmospherically derived sulfur dominated the dissolved marine sulfur pools. Another 

intriguing possibility is that much of these signals are simply inherited from the weathering of 

sedimentary sulfides on land, and the supply of sulfur from the weathering of pyrites that were 

already bearing MIF signatures of atmospheric processing. Such a mechanism could be an 

attractive model for explaining at the same time the juxtaposition of such sulfide-rich sediments 

(reaching 10% FeS2) with somewhat muted atmospheric sulfur MIF signatures. What would 



Chapter 7: Conclusion and Perspectives 

 

 223 

an important riverine supply of sulfur from the continents, perhaps driven by incipient 

oxidative weathering on land, actually look like hundreds of millions of years before the GOE? 

Future workers aiming to explore this question might be able to couple radiogenic isotope 

source tracers such as Nd isotopes with multiple sulfur isotope systematics to see whether any 

influence of sediment sources can be discerned on the multiple sulfur isotope record; a marine 

sulfur pool dominated by atmospheric deposition would presumably not show any such 

correlation. 

7.5. Concluding remarks 

Extensive carbonate platform build-up is first observed on Earth in Mesoarchean 

greenstone belts of the Superior Craton, namely the Red Lake carbonate platform, followed by 

the Woman Lake, and Steep Rock carbonate platforms. The earliest occurrence of carbonates 

in Red Lake is not associated with strong signatures of oxygen in the water column, in contrast 

to these other Superior Craton carbonate platforms (Patry, 2022; Patry et al., in review). Only 

ephemeral photosynthetic activity is inferred for the Red Lake site juxtaposed with evidence 

for more intense hydrothermalism affecting the basin, whereas the Woman Lake and Steep 

Rock carbonates indicate a relatively important and longer-lived presence of oxygen in the 

water column and less pronounced hydrothermal activity. At Red Lake, the preservation of the 

MIF signatures, the minor but notable authigenic enrichment of redox-sensitive elements, and 

the muted nature of any observed Ce anomalies (both positive and negative) all suggest an 

oxygen-limited environment, even if oxygen was contributed through occasional 

photosynthetic activity (Patry, 2022; Patry et al., in review). These characteristics, along with 

the diverse assemblage of lithofacies preserving shallow-to-deep water sediments, makes the 

Red Lake carbonate platform a rather unique place in Mesoarchean going forwards for 

understanding the co-evolution of ocean chemistry, photosynthesis, carbon cycling, and the 
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incipient production of free oxygen on Earth during the Mesoarchean dawn of Earth’s 

carbonate factory. 
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Appendix A.6. Supplementary figures 
  

 
 
Supplementary Figure 4.1. (A) Depth profiles of the PB12-35 drill hole showing calibrated 
XRF data superimposed with high precision major element concentrations determined by ICP-
AES. (B) PB12-32 drill hole showing calibrated XRF data superimposed depth profiles with 
high precision major element concentrations determined by ICP-AES. 
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Supplementary Figure 4.2. (A) Depth profiles of the PB12-33 drill hole showing calibrated 
XRF data superimposed with high-precision major element concentrations determined by ICP-
AES. (B) Depth profiles of the EBL10-28 drill hole showing calibrated XRF data superimposed 
with high-precision major element concentrations determined by ICP-AES. 
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Supplementary Figure 4.3. Depth profiles of the NGI10-31 drill hole showing calibrated XRF 
data superimposed with high-precision major element concentrations determined by ICP-AES. 
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Supplementary Figure 4.4. Al-normalized redox-sensitive trace elements plotted against 
Eu/Eu* anomalies. Some carbonates, iron formation, and chert samples show enrichment of 
Mo, V, U, and Cr correlate with Eu anomalies, suggesting that these enrichments were related 
to hydrothermal input to seawater. 
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Supplementary Figure 4.5. (A) Al-normalized redox-sensitive element profiles of the 17-GA1 
drill hole. The limestone samples near the base and at the top of the hole show remarkable Cr 
enrichment. There is minimal enrichment of V. Mo and U show noticeable enrichment. (B) 
PAAS-normalized rare earth element profiles of the 17-GA1 drill hole. Y/Ho ratios and La/La*, 
Pr/Pr* anomalies increase upward to the interval with negative Ce (Pr/Pr*) anomalies then 
decrease upward from there. Two of the samples show positive Pr/Pr* anomalies (true negative 
Ce anomalies) and four of the samples show negative Pr/Pr* anomalies (true positive Ce 
anomalies).  
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Appendix B.1. δ13C and δ18O isotope data for the Red Lake carbonate samples. Values 
are reported in per mille (‰) units relative to the VPDB standard. Precision of δ13C and 
δ18O was 0.1 ‰ (2σ) and 0.2 ‰ (2σ), respectively. 

 

Sample Lithology Strat-depth (m) TOC (%) δ13C carb δ18O carb
EBL28-318.36 Dolostone 143.0 -0.19 -15.06
EBL28-365.22 Dolostone 164.0 0.01 -0.04 -15.05
EBL28-378.10 Dolostone 169.8 0.01 0.01 -14.91
EBL28-357 Dolostone 160.3 0.02 -15.07
EBL28-322.95 Dolostone 145.0 0.14 -14.49
EBL28-400.3 Dolostone 179.7 0.01 0.19 -14.07
EBL28-311.35 Dolostone 139.8 0.02 0.22 -15.51
EBL28-297.73 Dolostone 133.7 0.02 0.24 -15.31
EBL28-326.38 Dolostone 146.6 0.26 -13.44
EBL28-382.76 Dolostone 171.9 0.01 0.29 -14.88
EBL28-344.15 Dolostone 154.5 0.01 0.31 -15.08
EBL28-446.76 Dolostone 200.6 0.34 -14.30
EBL28-416.30 Dolostone 186.9 0.01 0.37 -14.80
EBL28-436.44 Dolostone 196.0 0.01 0.37 -14.59
EBL28-373.40 Dolostone 167.7 0.01 0.39 -14.68
EBL28-389.46 Dolostone 174.9 0.02 0.40 -13.98
EBL28-397.02 Dolostone 178.3 0.42 -14.19
EBL28-351.93 Dolostone 158.0 0.42 -13.42
EBL28-421.44 Dolostone 189.2 0.01 0.47 -14.75
EBL28-429.76 Dolostone 193.0 0.57 -14.22
EBL28-332.5 Dolostone 149.3 0.02 0.59 -13.69
EBL28-443.28 Dolostone 199.0 0.01 0.64 -14.00
EBL28-408.29 Dolostone 183.3 0.67 -13.88
EBL28-451.93 Dolostone 202.9 0.03 0.75 -13.07

Sample Lithology Strat-depth (m) TOC (%) δ13C carb δ18O carb
PB33-108.27 Dolostone 59.6 0.02 -0.32 -15.38
PB33-112 Dolostone 61.7 0.12 -14.73
PB33-116.73 Dolostone 64.3 0.84 -14.86
PB33-123.58 Dolostone 68.1 0.01 -0.18 -15.32
PB33-129.05 Dolostone 71.1 0.09 -15.39
PB33-134.82 Dolostone 74.2 -0.03 -15.04
PB33-138.35 Dolostone 76.2 0.01 -0.58 -15.38
PB33-145.63 Dolostone 80.2 0.01 -1.10 -15.75
PB33-157.17 Dolostone 86.5 0.01 -0.20 -14.48
PB33-163.13 Dolostone 89.8 -0.02 -13.69
PB33-215.68 Dolostone 118.8 0.03 -0.92 -13.90
PB33-224.52 Dolostone 123.6 0.03 -0.28 -14.18
PB33-232.46 Dolostone 128.0 0.01 -0.51 -15.31
PB33-235.73 Dolostone 129.8 -0.56 -15.45
PB33-238.8 Dolostone 131.5 0.02 -0.47 -15.08
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Sample Lithology Strat-depth (m) TOC (%) δ13C carb δ18O carb
PB32-21.50 Dolostone 19.42 -1.20 -15.49
PB32-24.25 Dolostone 21.91 0.02 -0.82 -15.68
PB32-27.50 Dolostone 24.84 -1.05 -15.52
PB32-31.56 Dolostone 28.51 -0.73 -15.44
PB32-34.62 Dolostone 31.27 0.02 -0.31 -14.45
PB32-39.11 Dolostone 35.33 0.01 -14.96
PB32-43.70 Dolostone 39.48 -0.51 -15.02
PB32-48.88 Dolostone 44.16 -0.49 -15.33
PB32-56.08 Dolostone 50.66 0.01 -1.47 -15.21
PB32-62.29 Dolostone 56.27 -1.27 -15.53
PB32-65.66 Dolostone 59.31 -1.97 -15.99
PB32-70.38 Dolostone 63.58 -0.83 -15.56
PB32-72.89 Dolostone 65.84 -0.55 -15.52
PB32-85.73 Dolostone 77.44 -0.75 -15.07
PB32-88.23 Dolostone 79.70 -1.11 -15.68
PB32-94.1 Dolostone 85.00 0.01 -0.03 -14.69
PB32-98.57 Dolostone 89.04 -0.18 -15.65
PB32-100.4 Dolostone 90.70 -0.82 -15.03
PB32-102.13 Dolostone 92.26 -0.41 -14.95
PB32-104.85 Dolostone 94.72 0.01 -0.13 -15.55
PB32-108.35 Dolostone 97.88 -0.89 -15.65
PB32-112.63 Dolostone 101.74 0.02 -0.65 -15.73
PB32-116.89 Dolostone 105.59 -0.33 -15.44
PB32-118.9 Dolostone 107.41 -0.29 -14.84
PB32-121.10 Dolostone 109.39 0.05 -0.65 -13.15
PB32-124.93 Dolostone 112.85 0.00 -12.95
PB32-128.48 Dolostone 116.06 -0.08 -12.73
PB32-131.03 Dolostone 118.36 0.01 -0.44 -15.00
PB32-133.27 Cherty dolostone 120.39 -1.19 -15.53
PB32-137.28 Dolostone 124.01 -0.26 -13.94
PB32-139.87 Dolostone 126.35 0.45 -10.00
PB32-143.3 Dolostone 129.45 0.01 0.29 -15.42
PB32-146.16 Dolostone 132.03 -0.50 -15.67
PB32-148.92 Dolostone 134.53 -0.25 -15.35
PB32-160.15 Dolostone 144.67 -0.67 -14.50
PB32-165 Dolostone 149.05 0.10 -15.82
PB32-168.13 Dolostone 151.88 -0.47 -14.87
PB32-172.93 Dolostone 156.21 0.02 -0.30 -14.85
PB32-174.94 Silty Dolostone 158.03 -4.89 -17.26
PB32-178.29 Dolostone 161.06 0.47 -14.34
PB32-183.38 Dolostone 165.65 -0.91 -8.75
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Sample Lithology Strat-depth (m) TOC (%) δ13C carb δ18O carb
PB32-189.02 Dolostone 170.75 -0.29 -14.56
PB32-194.05 Dolostone 175.29 -0.35 -15.40
PB32-197.35 Dolostone 178.27 -0.33 -15.30
PB32-199.28 Dolostone 180.02 0.01 -0.30 -14.82
PB32-205.25 Dolostone 185.41 0.01 0.01 -12.95
PB32-210.2 Dolostone 189.88 0.00 -14.47
PB32-212.08 Dolostone 191.58 0.18 -13.95
PB32-215.56 Dolostone 194.72 0.02 -0.04 -12.68
PB32-292.37 Dolostone 264.11 -0.83 -14.64
PB32-295.80 Dolostone 267.21 -1.32 -15.09

Sample Lithology Strat-depth (m) TOC (%) δ13C carb δ18O carb
PB35-22.48 Limestone 19.3 0.04 1.21 -11.43
PB35-24.22 Limestone 20.8 0.08 0.96 -9.46
PB35-26.06 Limestone 22.4 0.02 0.99 -8.83
PB35-26.43 Limestone 22.7 0.10 0.89 -8.79
PB35-27.57 Limestone 23.7 0.01 0.87 -8.62
PB35-29.37 Limestone 25.3 0.93 0.49 -8.91
PB35-31.20 Limestone 26.8 0.25 0.36 -10.63
PB35-34.20 Limestone 29.4 0.20 0.96 -9.16
PB35-36.84 Limestone 31.7 0.06 0.85 -9.92
PB35-38.4 Limestone 33.1 0.04 1.33 -10.01
PB35-39.70 Limestone 34.1 1.17 -9.47
PB35-43.9 Dolostone 37.8 0.88 -1.32 -15.80
PB35-45.10 Dolostone 38.8 -0.76 -15.62
PB35-47.10 Dolostone 40.5 1.02 -0.19 -15.03
PB35-48.3 Limestone 41.5 -0.11 -12.11
PB35-49.43 Limestone 42.5 0.15 -1.18 -13.37
PB35-52.87 Limestone 45.5 0.25 -0.50 -11.87
PB35-54.38 Limestone 46.8 0.23 -0.35 -12.82
PB35-56.57 Dolostone 48.7 0.98 -1.48 -13.64
PB35-58.02 Dolostone 49.9 0.71 -0.96 -13.84
PB35-59.80 Dolostone 51.4 1.28 -1.21 -12.85
PB35-61.20 Dolostone 52.6 0.77 -1.10 -12.31
PB35-68.65 Limestone 59.1 0.18 0.53 -10.92
PB35-70.63 Limestone 60.8 0.04 0.68 -11.84
PB35-73.51 Limestone 63.2 0.20 -0.22 -12.62
PB35-77.86 Limestone 67.0 0.19 -3.27 -6.55
PB35-79.6 Limestone 68.5 0.92 -8.43 -5.99
PB35-87.93 Dolostone 75.6 0.93 -2.38 -14.97
PB35-89.76 Dolostone 77.2 0.97 -2.51 -15.11
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Sample Lithology Strat-depth (m) TOC (%) δ13C carb δ18O carb
PB35-91.8 Dolostone 79.0 -2.07 -15.38
PB35-92.8 Dolostone 79.8 1.70 -2.76 -12.61
PB35-93.80 Dolostone 80.7 1.02 -2.48 -15.38
PB35-102.02 Dolostone 87.7 1.06 -2.56 -15.88
PB35-144.40 Limestone 124.2 0.08 0.81 -10.74
PB35-146.2 Limestone 125.7 0.07 0.63 -11.25
PB35-147.00 Limestone 126.4 0.12 0.33 -12.21
PB35-149.76 Limestone 128.8 0.02 0.43 -13.32
PB35-151.12 Limestone 130.0 0.07 0.44 -14.05
PB35-153.50 Limestone 132.0 0.07 0.97 -10.43
PB35-156.20 Limestone 134.4 0.04 0.76 -10.98
PB35-157.75 Limestone 135.7 0.06 1.07 -11.19
PB35-160.96 Limestone 138.4 1.08 -9.74
PB35-162.4 Limestone 139.7 0.02 1.24 -11.05
PB35-163.7 Limestone 140.8 0.01 1.04 -12.30
PB35-168.42 Limestone 144.9 0.92 -10.51
PB35-171.13 Limestone 147.2 0.11 0.41 -11.08
PB35-173.1 Limestone 148.9 0.03 -0.23 -14.18
PB35-175 Limestone 150.5 0.12 0.73 -12.32
PB35-177.5 Limestone 152.7 0.07 0.52 -13.61
PB35-178.8 Limestone 153.8 0.02 0.89 -11.98
PB35-180.8 Limestone 155.5 0.17 1.02 -12.02
PB35-182.05 Limestone 156.6 -0.16 -13.15
PB35-184.14 Limestone 158.4 0.59 -13.72
PB35-184.26 Limestone 158.5 0.15 -0.98 -15.12
PB35-185.16 Limestone 159.3 0.33 -14.55
PB35-185.88 Limestone 159.9 0.57 -14.84
PB35-187.29 Dolostone 161.1 -1.15 -15.53
PB35-188.57 Dolostone 162.2 -0.96 -15.13
PB35-189.2 Dolostone 162.7 0.02 -0.46 -14.91
PB35-190.30 Dolostone 163.7 0.13 -15.86
PB35-191.8 Dolostone 165.0 -1.54 -14.89
PB35-195.3 Dolostone 168.0 -1.51 -16.29
PB35-196.4 Dolostone 168.9 -1.44 -16.04
PB35-198.5 Dolostone 170.7 0.02 -1.54 -16.20
PB35-200.6 Dolostone 172.5 -0.85 -16.19
PB35-202.3 Dolostone 174.0 0.03 -1.16 -15.71
PB35-205 Dolostone 176.3 -0.52 -15.84
PB35-206.7 Dolostone 177.8 0.03 -0.58 -15.15
PB35-209 Dolostone 179.8 0.47 -0.20 -15.23
PB35-211.41 Dolostone 181.8 0.03 -3.00 -14.82
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Sample Lithology Strat-depth (m) TOC (%) δ13C carb δ18O carb
PB35-217.8 Limestone 187.3 -0.29 -15.22
PB35-221.3 Limestone 190.3 0.02 -0.34 -15.90
PB35-223.3 Limestone 192.1 -0.02 -14.51
PB35-225.1 Limestone 193.6 -0.78 -14.78
PB35-227.8 Limestone 195.9 0.02 -0.78 -14.98
PB35-230.02 Limestone 197.8 0.70 -14.48
PB35-231.96 Dolostone 199.5 -1.51 -15.81
PB35-235.2 Limestone 202.3 0.99 -12.35
PB35-237.4 Limestone 204.2 0.65 -13.02
PB35-239.3 Limestone 205.8 0.90 -10.95
PB35-241.5 Limestone 207.7 0.02 1.11 -11.38
PB35-243.4 Limestone 209.4 0.28 -10.89
PB35-245.5 Limestone 211.2 0.84 -10.93
PB35-246.1 Limestone 211.7 0.84 -10.20
PB35-246.7 Limestone 212.2 0.66 -11.03
PB35-247.8 Limestone 213.1 0.81 -10.18
PB35-248.4 Limestone 213.7 0.79 -10.36
PB35-250 Limestone 215.0 -0.66 -14.86
PB35-250.7 Limestone 215.6 0.53 -11.85
PB35-251.11 Limestone 216.0 0.27 -12.45
PB35-252.30 Limestone 217.0 0.45 -11.07
PB35-253.38 Limestone 217.9 0.67 -11.89
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Sample Lithology Strat-depth (m) TOC (%) δ13C carb δ18O carb
17-GA1-01 Limestone 2.1 0.01 0.68 -12.74
17-GA1-02 Limestone 2.07 0.03 0.63 -12.61
17-GA1-03 Limestone 2.04 0.05 0.67 -12.39
17-GA1-04 Limestone 1.98 0.01 0.41 -12.57
17-GA1-05 Limestone 1.94 0.02 0.38 -12.58
17-GA1-06 Limestone 1.9 0.02 0.10 -12.48
17-GA1-07 Limestone 1.87 0.23 0.47 -12.45
17-GA1-08 Limestone 1.81 0.09 0.92 -12.38
17-GA1-09 Limestone 1.78 0.05 0.79 -12.40
17-GA1-10 Limestone 1.73 0.68 0.73 -11.90
17-GA1-11 Limestone 1.65 0.65 0.29 -11.79
17-GA1-12 Limestone 1.6 0.10 0.47 -11.87
17-GA1-13 Limestone 1.54 0.62 0.67 -11.66
17-GA1-14 Limestone 1.46 0.54 0.42 -12.01
17-GA1-15 Limestone 1.44 2.17 0.21 -11.52
17-GA1-16 Limestone 1.4 0.33 0.20 -11.43
17-GA1-17 Limestone 1.34 0.78 0.36 -11.49
17-GA1-18 Limestone 1.28 0.32 0.60 -11.13
17GA1-19 Limestone 1.21 0.91 0.67 -11.32
17GA1-20 Limestone 1.14 0.08 1.01 -11.97
17GA1-21 Limestone 1.09 0.08 0.94 -12.02
17GA1-22 Limestone 1.06 0.23 0.44 -10.80
17GA1-23 Limestone 1.03 0.53 0.81 -10.57
17GA1-24 Limestone 0.93 0.13 0.95 -10.60
17GA1-25 Limestone 0.89 0.13 0.73 -11.05
17GA1-26 Limestone 0.85 0.16 0.69 -11.27
17GA1-27 Limestone 0.82 0.02 0.33 -11.12
17GA1-28 Limestone 0.73 0.12 1.13 -11.28
17GA1-29 Limestone 0.69 1.40 -11.70
17GA1-30 Limestone 0.58 0.01 0.74 -11.56
17GA1-31 Limestone 0.53 1.52 -11.70
17GA1-32 Limestone 0.36 0.01 0.61 -11.45
17GA1-33 Limestone 0.3 0.04 0.92 -11.83
17GA1-34 Limestone 0.22 0.03 0.64 -11.54
17GA1-35 Limestone 0.11 0.09 -0.72 -10.62
17GA1-36 Limestone 0.01 0.01 0.02 -11.67
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Sample Lithology Strat-depth (m) TOC (%) δ13C carb δ18O carb
17-GA2-14 Limestone 1.75 0.24 0.64 -11.67
17-GA2-14 Limestone 1.75 0.63 -11.75
17-GA2-13 Limestone 1.77 0.36 0.41 -12.14
17-GA2-13 Limestone 1.77 0.45 -12.10
17-GA2-12 Limestone 1.78 0.02 0.09 -11.91
17-GA2-11 Limestone 1.79 0.02 0.23 -12.16
17-GA2-10 Limestone 1.8 0.01 0.58 -12.46
17-GA2-9 Limestone 1.81 0.02 0.59 -12.37
17-GA2-08 Limestone 1.83 0.02 0.45 -12.27
17-GA2-8 Limestone 1.83 0.41 -12.34
17-GA2-07 Limestone 1.85 0.04 0.44 -12.42
17-GA2-7 Limestone 1.85 0.01 0.42 -12.38
17-GA2-06 Limestone 1.87 0.05 0.54 -12.58
17-GA2-6 Limestone 1.87 0.01 0.54 -12.62
17-GA2-05 Limestone 1.89 0.04 0.45 -12.57
17-GA2-5 Limestone 1.89 0.46 -12.66
17-GA2-04 Limestone 1.91 0.01 0.46 -12.67
17-GA2-4 Limestone 1.91 0.04 0.46 -12.58
17-GA2-3 Limestone 1.92 0.03 0.75 -12.62
17-GA2-2 Limestone 1.93 0.04 0.86 -12.64
17-GA2-01 Limestone 1.95 0.01 0.93 -12.63
17-GA2-1  Limestone 1.95 0.92 -12.71
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Sample Lithology Strat-depth (m) TOC (%) δ13C carb δ18O carb
17-NG-1 Dolostone 1.77 0.17 0.66 -13.97
17-NG-3 Dolostone 1.72 0.05 0.73 -12.76
17-NG-5 Dolostone 1.67 0.21 0.86 -12.91
17-NG-7 Dolostone 1.62 0.05 0.72 -13.49
17-NG-9 Dolostone 1.57 0.09 0.61 -13.60
17-NG-11 Dolostone 1.52 0.64 -13.49
17-NG-13 Dolostone 1.47 0.02 0.65 -13.29
17-NG-15 Dolostone 1.42 0.67 -13.42
17-NG-17 Dolostone 1.37 0.08 0.58 -12.99
17-NG-19 Dolostone 1.32 0.07 0.50 -13.82
17-NG-21 Dolostone 1.27 0.10 0.70 -11.89
17-NG-25 Dolostone 1.22 0.05 0.62 -13.76
17-NG-27 Dolostone 1.17 0.04 0.59 -13.73
17-NG-29 Dolostone 1.12 0.07 0.77 -13.83
17-NG-31 Dolostone 1.07 0.04 0.65 -14.03
17-NG-33 Dolostone 1.02 0.67 -13.97
17-NG-35 Dolostone 0.97 0.06 0.58 -14.16
17-NG-37 Dolostone 0.92 0.07 0.50 -14.49
17-NG-39 Dolostone 0.87 0.04 0.69 -13.82
17-NG-41 Dolostone 0.82 0.07 0.76 -13.94
17-NG-43 Dolostone 0.77 0.04 0.34 -14.23
17-NG-45 Dolostone 0.72 0.14 0.60 -14.24
17-NG-47 Dolostone 0.67 0.03 0.62 -14.42
17-NG-49 Dolostone 0.62 0.47 -14.47
17-NG-51 Dolostone 0.57 0.18 0.73 -13.99
17-NG-53 Dolostone 0.52 0.82 -13.68
17-NG-55 Dolostone 0.47 0.08 0.87 -14.04
17-NG-57 Dolostone 0.42 0.16 0.55 -13.85
17-NG-59 Dolostone 0.37 0.10 0.58 -13.79
17-NG-61 Dolostone 0.32 0.03 0.59 -13.76
17-NG-63 Dolostone 0.27 0.04 0.37 -14.13
17-NG-65 Dolostone 0.22 0.11 0.49 -13.85
17-NG-67 Dolostone 0.17 0.03 0.38 -14.01
17-NG-69 Dolostone 0.12 0.06 0.51 -14.01
17-NG-71 Dolostone 0.07 0.02 0.41 -13.91
17-NG-73 Dolostone 0.02 0.03 0.49 -13.78
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Appendix C.1. Multiple sulfur (δ34S, ∆33S, and ∆36S) isotope data for the Red Lake 
sulfidic shale samples. Values are reported in per mille (‰) units relative to the VCDT 
standard. The internal precision, based on the average of internal precisions measured 
for all standard repeats, was ±0.03 ‰ for δ34S (2σ), ±0.04 ‰ for Δ33S (2σ), and ±0.74 ‰ 
for Δ36S (2σ). The external precision, averaged across each group of standard repeated 
was ±0.02 ‰ (2σ) for δ34S and ±0.02 ‰ (2σ) for Δ33S, and ±0.15 ‰ for Δ36S (2σ). 

 

 

Sample name Lithology Strat-depth (m) δ34S ∆33S ∆36S 
Mount-1_AC-227-1@02 Pyrrhotite 85.07 -3.43 0.12 -1.12
Mount-1_AC-227-1@03 Pyrrhotite 85.07 -3.82 0.17 -1.40
Mount-1_AC-227-1@04 Pyrrhotite 85.07 -3.29 0.15 -0.44
Mount-1_AC-227-1@05 Pyrrhotite 85.07 -3.34 0.09 -0.17
Mount-1_AC-227-1@06 Pyrrhotite 85.07 -4.47 0.13 -0.57
Mount-1_AC-227-1@07 Pyrrhotite 85.07 -3.59 0.11 -1.35
Mount-1_AC-227-1@08 Pyrrhotite 85.07 -4.19 0.13 -0.62
Mount-1_AC-227-1@09 Pyrrhotite 85.07 -4.51 0.19 -0.35
Mount-1_AC-227-1@1 Pyrrhotite 85.07 -4.01 0.09 -0.49
Mount-1_AC-227-1@10 Pyrrhotite 85.07 -3.18 0.17 -0.80
Mount-1_AC-227-1@11 Pyrrhotite 85.07 -3.63 0.13 -0.44
Mount-1_AC-227-1@12 Pyrrhotite 85.07 -3.51 0.12 -0.73
Mount-1_AC-227-1@13 Pyrrhotite 85.07 -3.78 0.14 -0.73
Mount-1_AC-227-1@14 Pyrrhotite 85.07 -4.15 0.09 0.23
Mount-1_AC-227-1@15 Pyrrhotite 85.07 -4.12 0.15 -0.41
Mount-1_AC-227-1@16 Pyrrhotite 85.07 -3.70 0.13 -1.12
Mount-1_AC-227-1@17 Pyrrhotite 85.07 -3.59 0.16 -0.32
Mount-1_AC-227-1@18 Pyrrhotite 85.07 -3.41 0.13 -1.25
Mount-1_AC-227-1@19 Pyrrhotite 85.07 -3.31 0.13 -1.07
Mount-1_AC-227-1@20 Pyrrhotite 85.07 -3.70 0.11 -1.19
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Sample name Lithology Strat-depth (m) δ34S ∆33S ∆36S 
Mount-2_NGI@02 Pyrite 16.35 -6.17 -0.87 0.52
Mount-2_NGI@03 Pyrite 16.35 -6.45 -0.92 1.24
Mount-2_NGI@04 Pyrite 16.35 -4.81 -0.89 1.65
Mount-2_NGI@05 Pyrite 16.35 -5.91 -0.87 1.15
Mount-2_NGI@06 Pyrite 16.35 -5.72 -0.90 1.25
Mount-2_NGI@07 Pyrite 16.35 -5.76 -0.88 1.26
Mount-2_NGI@08 Pyrite 16.35 -5.18 -0.87 1.93
Mount-2_NGI@09 Pyrite 16.35 -5.55 -0.88 1.66
Mount-2_NGI@1 Pyrite 16.35 -5.86 -0.87 1.20
Mount-2_NGI@10 Pyrite 16.35 -5.56 -0.85 1.94
Mount-2_NGI@11 Pyrite 16.35 -5.85 -0.88 1.59
Mount-2_NGI@12 Pyrite 16.35 -6.05 -0.87 1.81
Mount-2_NGI@13 Pyrite 16.35 -5.31 -0.89 1.78
Mount-2_NGI@14 Pyrite 16.35 -4.70 -0.91 2.12
Mount-2_NGI@15 Pyrite 16.35 -5.07 -0.83 1.71
Mount-2_NGI@16 Pyrite 16.35 -5.13 -0.89 2.03
Mount-2_NGI@17 Pyrite 16.35 -5.14 -0.92 1.85
Mount-2_NGI@18 Pyrite 16.35 -5.34 -0.89 1.89
Mount-2_NGI@19 Pyrite 16.35 -5.30 -0.87 2.11
Mount-2_NGI@20 Pyrite 16.35 -5.76 -0.92 2.13
Mount-2_NGI@21 Pyrite 16.35 -5.71 -0.89 1.66
Mount-2_NGI@22 Pyrite 16.35 -5.16 -0.92 1.72
Mount-2_NGI@23 Pyrite 16.35 -3.85 -0.83 1.42
Mount-2_NGI@24 Pyrite 16.35 -3.65 -0.83 2.20
Mount-2_NGI@25 Pyrite 16.35 -2.28
Mount-2_NGI@26 Pyrite 16.35 -2.90 -0.80 1.96
Mount-2_NGI@27 Pyrite 16.35 -2.86 -0.88 1.99
Mount-2_NGI@28 Pyrite 16.35 -3.38 -0.89 2.07
Mount-2_NGI@29 Pyrite 16.35 -4.20 -0.91 1.43
Mount-2_NGI@30 Pyrite 16.35 -3.61 -0.95 2.21
Mount-2_NGI@31 Pyrite 16.35 -3.12 -0.91 2.01
Mount-2_NGI@32 Pyrite 16.35 -4.05 -0.93 2.44
Mount-2_NGI@33 Pyrite 16.35 -4.21 -0.86 1.97
Mount-2_NGI@34 Pyrite 16.35 -4.01 -0.89 2.06
Mount-2_NGI@35 Pyrite 16.35 -4.05 -0.96 1.73
Mount-2_NGI@36 Pyrite 16.35 -2.65
Mount-2_NGI@37 Pyrite 16.35 -5.19 -0.97 1.85
Mount-2_NGI@38 Pyrite 16.35 -5.15 -0.93 1.70
Mount-2_NGI@39 Pyrite 16.35 -4.31 -0.92 1.69
Mount-2_NGI@40 Pyrite 16.35 -3.34 -0.92 2.95
Mount-2_NGI@41 Pyrite 16.35 -3.81 -0.87 2.12
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Sample name Lithology Strat-depth (m) δ34S ∆33S ∆36S 
Mount-2_NGI@42 Pyrite 16.35 -4.56 -0.91 1.51
Mount-2_NGI@43 Pyrite 16.35 1.52 -0.87 -1.52
Mount-2_NGI@44 Pyrite 16.35 1.72 -0.89 -1.15
Mount-2_NGI@45 Pyrite 16.35 1.49 -0.89 -1.44
Mount-2_NGI@46 Pyrite 16.35 1.48 -0.94 -1.81
Mount-2_NGI@47 Pyrite 16.35 2.47 -0.94 -0.88
Mount-2_NGI@48 Pyrite 16.35 2.62 -0.85 -1.12
Mount-2_NGI@49 Pyrite 16.35 2.39 -0.92 -1.06
Mount-2_NGI@50 Pyrite 16.35 1.53 -0.97 -1.66
Mount-2_NGI@51 Pyrite 16.35 0.92 -0.91 -0.83
Mount-2_NGI@52 Pyrite 16.35 1.65 -0.89 -1.22
Mount-2_NGI@54 Pyrite 16.35 2.40 -0.92 -1.09
Mount-2_NGI@55 Pyrite 16.35 3.69 -0.85 -1.02
Mount-2_NGI@56 Pyrite 16.35 3.07 -0.88 -0.98
Mount-2_NGI@57 Pyrite 16.35 2.88 -0.89 -1.21
Mount-2_NGI@58 Pyrite 16.35 1.66 -0.88 -1.42
Mount-2_NGI@59 Pyrite 16.35 1.47 -0.90 -1.48
Mount-2_NGI@60 Pyrite 16.35 0.16 -0.91 -0.83
Mount-2_NGI@61 Pyrite 16.35 1.30 -0.92 -1.15
Mount-2_NGI@62 Pyrite 16.35 0.44 -0.92 -0.95
Mount-2_NGI@63 Pyrite 16.35 0.54 -0.92 -0.77
Mount-2_NGI@64 Pyrite 16.35 1.51 -0.91 -1.59
Mount-2_NGI@65 Pyrite 16.35 0.87 -0.92 -1.20
Mount-2_NGI@66 Pyrite 16.35 1.14 -0.86 -1.20
Mount-2_NGI@67 Pyrite 16.35 0.62 -0.92 -1.04
Mount-2_NGI@68 Pyrite 16.35 1.50 -0.93 -1.23
Mount-2_NGI@69 Pyrite 16.35 1.51 -0.93 -1.30
Mount-2_NGI@70 Pyrite 16.35 1.66 -0.90 -1.31
Mount-2_NGI@71 Pyrite 16.35 -0.02 -0.99 -0.83
Mount-2_NGI@72 Pyrite 16.35 0.13 -0.94 -0.75
Mount-2_NGI@73 Pyrite 16.35 1.50 -0.87 -1.56
Mount-2_NGI@74 Pyrite 16.35 1.54 -0.93 -0.98
Mount-2_NGI@75 Pyrite 16.35 1.52 -0.87 -1.62
Mount-2_NGI@76 Pyrite 16.35 0.86 -0.89 -0.91
Mount-2_NGI@77 Pyrite 16.35 1.51 -0.88 -0.70
Mount-2_NGI@78 Pyrite 16.35 2.39 -0.87 -0.92
Mount-2_NGI@79 Pyrite 16.35 1.56 -0.91 -1.41
Mount-2_NGI@80 Pyrite 16.35 2.68 -0.88 -1.63
Mount-2_NGI@81 Pyrite 16.35 2.52 -0.93 -1.01
Mount-2_NGI@82 Pyrite 16.35 2.56 -0.92 -1.37
Mount-2_NGI@83 Pyrite 16.35 2.49 -0.92 -0.79



Appendix to Chapter 6 
 

 279 

 
 

Sample name Lithology Strat-depth (m) δ34S ∆33S ∆36S 
Mount-2_PB@02 Pyrite 254.74 7.13 0.66 -3.75
Mount-2_PB@03 Pyrite 254.74 1.70 0.49 -3.72
Mount-2_PB@04 Pyrite 254.74 1.66 0.44 -3.37
Mount-2_PB@05c Pyrite 254.74 4.02 0.43 -1.57
Mount-2_PB@06 Pyrite 254.74 -3.54 -0.19 -0.91
Mount-2_PB@07 Pyrite 254.74 -4.89 -0.24 -0.18
Mount-2_PB@08 Pyrite 254.74 -3.21 -0.20 -0.60
Mount-2_PB@09 Pyrite 254.74 -2.82 -0.21 -0.39
Mount-2_PB@1 Pyrite 254.74 2.49 0.54 -3.85
Mount-2_PB@10 Pyrite 254.74 2.08 -0.12 -0.32
Mount-2_PB@11 Pyrite 254.74 1.47 -0.25 -0.62
Mount-2_PB@12 Pyrite 254.74 1.44 0.44 -0.23
Mount-2_PB@13 Pyrite 254.74 1.51 0.39 -0.26
Mount-2_PB@17 Pyrite 254.74 -0.19 0.32 -0.04
Mount-2_PB@18 Pyrite 254.74 1.57 0.41 -0.51
Mount-2_PB@19 Pyrite 254.74 1.57 0.42 0.04
Mount-2_PB@20 Pyrite 254.74 10.62 1.06 -2.11
Mount-2_PB@21 Pyrite 254.74 1.68 0.45 -0.45
Mount-2_PB@22 Pyrite 254.74 2.84 0.65 -0.70
Mount-2_PB@23 Pyrite 254.74 3.18 0.70 -0.73
Mount-2_PB@24 Pyrite 254.74 3.01 0.68 -0.74
Mount-2_PB@25 Pyrite 254.74 0.68 0.52 -0.59
Mount-2_PB@26 Pyrite 254.74 -0.45 0.30 -0.53
Mount-2_PB@28 Pyrite 254.74 -3.80 0.36 0.09
Mount-2_PB@30 Pyrite 254.74 1.61 0.39 0.02
Mount-2_PB@32 Pyrite 254.74 -1.38 0.32 0.00
Mount-2_PB@33 Pyrite 254.74 -1.03 0.33 -0.23
Mount-2_PB@34 Pyrite 254.74 -3.86 0.34 -0.43
Mount-2_PB@36 Pyrite 254.74 1.56 0.34 -0.19
Mount-2_PB@38 Pyrite 254.74 -0.55 0.30 0.18
Mount-2_PB@39 Pyrite 254.74 1.43 0.37 -0.47
Mount-2_PB@40 Pyrite 254.74 1.58 0.39 0.16
Mount-2_PB@41 Pyrite 254.74 1.56 0.39 -0.37
Mount-2_PB@44 Pyrite 254.74 -3.69 0.43 -0.72
Mount-2_PB@45 Pyrite 254.74 -0.47 0.29 0.23
Mount-2_PB@47 Pyrite 254.74 1.50 0.42 -0.39
Mount-2_PB@48 Pyrite 254.74 1.72 0.42 -0.10
Mount-2_PB@49 Pyrite 254.74 1.04 0.55 -0.24
Mount-2_PB@50 Pyrite 254.74 -3.81 0.34 -1.69
Mount-2_PB@51 Pyrite 254.74 -3.75 0.34 -0.11
Mount-2_PB@52 Pyrite 254.74 -3.74 0.33 -0.18
Mount-2_PB@54 Pyrite 254.74 9.99 1.04 -1.90
Mount-2_PB@56 Pyrite 254.74 11.05 1.05 -1.95
Mount-2_PB@59 Pyrite 254.74 2.10 0.64 -0.80
Mount-2_PB@61 Pyrite 254.74 1.52 0.43 0.40
Mount-2_PB@62 Pyrite 254.74 1.60 0.40 -0.49
Mount-2_PB@63 Pyrite 254.74 -0.24 0.34 -0.02
Mount-2_PB@64 Pyrite 254.74 1.54 0.39 0.10
Mount-2_PB@65 Pyrite 254.74 -0.21 0.31 -0.44
Mount-2_PB@66 Pyrite 254.74 1.29 0.41 0.03
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Sample name Lithology Strat-depth (m) δ34S ∆33S ∆36S 
Mount-3_AC-210.7@02 Pyrrhotite 78.93 -1.70 0.61 -1.01
Mount-3_AC-210.7@03 Pyrite 78.93 -5.44 0.69 -0.92
Mount-3_AC-210.7@04 Pyrrhotite 78.93 -1.66 0.59 -1.25
Mount-3_AC-210.7@05 Pyrrhotite 78.93 -1.50 0.59 -1.28
Mount-3_AC-210.7@06 Pyrite 78.93 0.06
Mount-3_AC-210.7@07 Pyrite 78.93 -0.32
Mount-3_AC-210.7@08 Pyrrhotite 78.93 -5.72 0.74 -0.93
Mount-3_AC-210.7@09 Pyrite 78.93 -5.62 0.72 -1.79
Mount-3_AC-210.7@1 Pyrite 78.93 -5.40 0.71 -1.69
Mount-3_AC-210.7@10 Pyrite 78.93 0.78 -1.37
Mount-3_AC-210.7@11 Pyrite 78.93 0.21 0.26 -0.66
Mount-3_AC-210.7@12 Pyrite 78.93 -5.96 0.73 -1.54
Mount-3_AC-210.7@13 Pyrite 78.93 -5.91 0.73 -1.27
Mount-3_AC-210.7@14 Pyrite 78.93 -0.69 0.59 -0.70
Mount-3_AC-210.7@15 Pyrrhotite 78.93 -5.79 0.70 -1.49
Mount-3_AC-210.7@16 Pyrrhotite 78.93 -8.60 0.59 0.01
Mount-3_AC-210.7@17 Pyrite 78.93 -5.46 0.73 -0.35
Mount-3_AC-210.7@18 Pyrite 78.93 -8.62 0.55 -1.29
Mount-3_AC-210.7@19 Pyrite 78.93 -7.75 0.51 -0.50
Mount-3_AC-210.7@20 Pyrite 78.93 -6.32 0.82 -1.12
Mount-3_AC-210.7@21 Pyrite 78.93 -7.39 0.58 -0.21
Mount-3_AC-210.7@22 Pyrrhotite 78.93 -8.65 0.42 -2.08
Mount-3_AC-210.7@23 Pyrite 78.93 -7.02 0.58 -0.06
Mount-3_AC-210.7@24 Pyrrhotite 78.93 -8.47 0.55 -0.73
Mount-3_AC-210.7@25 Pyrite 78.93 -7.85 0.47 -0.64
Mount-3_AC-210.7@26 Pyrite 78.93 -8.11 0.57 -0.28
Mount-3_AC-210.7@27 Pyrite 78.93 -7.36 0.63 -1.92
Mount-3_AC-210.7@28 Pyrite 78.93 -7.44 0.63 -0.45
Mount-3_AC-210.7@29 Pyrrhotite 78.93 -5.27 0.78 -0.80
Mount-3_AC-210.7@30 Pyrrhotite 78.93 -5.21 0.74 -1.98
Mount-3_AC-210.7@31 Pyrite 78.93 -3.36 0.39 -0.48
Mount-3_AC-210.7@32 Pyrite 78.93 -8.41 0.46 -1.00
Mount-3_AC-210.7@33 Pyrrhotite 78.93 -3.41 0.42 -1.38
Mount-3_AC-210.7@34 Pyrrhotite 78.93 -7.31 0.51 -1.42
Mount-3_AC-210.7@35 Pyrrhotite 78.93 -2.83 0.52 -0.79
Mount-3_AC-210.7@36 Pyrite 78.93 -7.06 0.58 -0.30
Mount-3_AC-210.7@37 Pyrite 78.93 -2.03 0.60 -1.28
Mount-3_AC-210.7@38 Pyrite 78.93 -6.73 0.64 -0.22
Mount-3_AC-210.7@39 Pyrite 78.93 -7.23 0.66 -1.71
Mount-3_AC-210.7@40 Pyrrhotite 78.93 -9.06 0.48 -1.27
Mount-3_AC-210.7@41 Pyrite-disseminated 78.93 -14.99 -0.24 -0.61
Mount-3_AC-210.7@42 Pyrite-disseminated 78.93 -13.83 -0.14 0.12
Mount-3_AC-210.7@43 Pyrite-disseminated 78.93 -14.78 -0.10 -1.44
Mount-3_AC-210.7@44 Pyrite-disseminated 78.93 -14.35 -0.07 -0.29
Mount-3_AC-210.7@45 Pyrite-disseminated 78.93 -10.54 0.52 -1.22
Mount-3_AC-210.7@46 Pyrite-disseminated 78.93 -10.76 0.49 -1.09
Mount-3_AC-210.7@47 Pyrite-disseminated 78.93 -17.11 -0.45 -0.78
Mount-3_AC-210.7@48 Pyrite-disseminated 78.93 -17.94 -0.47 -0.08
Mount-3_AC-210.7@49 Pyrite-disseminated 78.93 -14.84 -0.49 -0.76
Mount-3_AC-210.7@50 Pyrite 78.93 -5.22 0.04 -0.50
Mount-3_AC-210.7@51 Pyrite 78.93 -0.81 0.40 -0.95
Mount-3_AC-210.7@52 Pyrite 78.93 0.20 0.66 -1.31
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Sample name Lithology Strat-depth (m) δ34S ∆33S ∆36S 
Mount-4_AC-216@02 Pyrrhotite 80.92 -1.91 1.30 -1.40
Mount-4_AC-216@03 Pyrrhotite 80.92 -1.98 1.32 -1.14
Mount-4_AC-216@04 Pyrrhotite 80.92 -2.17 1.31 -1.92
Mount-4_AC-216@05 Pyrrhotite 80.92 -2.16 1.36 -1.60
Mount-4_AC-216@06 Pyrrhotite 80.92 -1.89 1.33 -1.52
Mount-4_AC-216@07 Pyrrhotite 80.92 -2.15 1.34 -2.12
Mount-4_AC-216@08 Pyrrhotite 80.92 -2.09 1.28 -1.42
Mount-4_AC-216@09 Pyrrhotite 80.92 -2.74 1.31 -1.53
Mount-4_AC-216@1 Pyrrhotite 80.92 -2.01 1.32 -1.92
Mount-4_AC-216@10 Pyrrhotite 80.92 -2.41 1.32 -1.52
Mount-4_AC-216@11 Pyrrhotite 80.92 -2.14 1.33 -1.48
Mount-4_AC-216@12 Pyrrhotite 80.92 -2.11 1.30 -1.25
Mount-4_AC-216@13 Pyrrhotite 80.92 -2.30 1.29 -1.35
Mount-4_AC-216@14 Pyrrhotite 80.92 -2.14 1.33 -1.08
Mount-4_AC-216@15 Pyrrhotite 80.92 -2.34 1.41 -1.62
Mount-4_AC-216@16 Pyrrhotite 80.92 -2.56 1.33 -1.23
Mount-4_AC-216@17 Pyrrhotite 80.92 -2.12 1.36 -0.91
Mount-4_AC-216@18 Pyrrhotite 80.92 -2.33 1.32 -1.80
Mount-4_AC-216@19 Pyrrhotite 80.92 -2.13 1.36 -1.07
Mount-4_AC-216@20 Pyrrhotite 80.92 -2.04 1.39 -1.47
Mount-4_AC-216@21 Pyrrhotite 80.92 -2.03 1.34 -1.36
Mount-4_AC-216@22 Pyrrhotite 80.92 -2.05 1.32 -1.88
Mount-4_AC-216@23 Pyrrhotite 80.92 -2.74 1.34 -1.80

Sample name Lithology Strat-depth (m) δ34S ∆33S ∆36S 
Mount-4_AC-212@02 Pyrite 79.42 5.88 0.28 -0.48
Mount-4_AC-212@03 Pyrite 79.42 6.11 0.01 0.19
Mount-4_AC-212@04 Pyrite 79.42 0.37 0.64 -0.98
Mount-4_AC-212@05 Pyrite 79.42 1.61
Mount-4_AC-212@06 Pyrite 79.42 3.90 0.23 -0.35
Mount-4_AC-212@07 Pyrite 79.42 4.22 -0.01 -0.16
Mount-4_AC-212@08 Pyrite 79.42 3.36 0.35 -0.02
Mount-4_AC-212@09 Pyrite 79.42 -0.02 0.61 -0.97
Mount-4_AC-212@1 Pyrite 79.42 1.04 0.56 -0.81
Mount-4_AC-212@10 Pyrite 79.42 9.97 -0.04 0.02
Mount-4_AC-212@11 Pyrite 79.42 -0.35 0.59 -0.73
Mount-4_AC-212@12 Pyrite 79.42 5.80 0.08 0.60
Mount-4_AC-212@13 Pyrite 79.42 0.33 0.66 -0.61
Mount-4_AC-212@14 Pyrite 79.42 0.29 0.58 -0.45
Mount-4_AC-212@15 Pyrite 79.42 10.05 0.03 0.60
Mount-4_AC-212@16 Pyrite 79.42 8.44 -0.07 0.37
Mount-4_AC-212@17 Pyrite 79.42 6.03 0.31 0.28
Mount-4_AC-212@18 Pyrite 79.42 5.62 0.22 -1.08
Mount-4_AC-212@19 Pyrite 79.42 2.34 0.57 -0.16
Mount-4_AC-212@20 Pyrite 79.42 2.08 0.65 0.20
Mount-4_AC-212@21 Pyrite 79.42 0.39 0.62 -0.85
Mount-4_AC-212@22 Pyrite 79.42 -0.56 0.59 -0.81
Mount-4_AC-212@23 Pyrite 79.42 5.64 0.31 0.03
Mount-4_AC-212@24 Pyrite 79.42 -0.04 0.45 -0.31
Mount-4_AC-212@25 Pyrite 79.42 0.34 0.50 -0.42
Mount-4_AC-212@26 Pyrite 79.42 0.27 0.54 0.00
Mount-4_AC-212@27 Pyrite 79.42 0.61 0.68 -0.40
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Sample name Lithology Strat-depth (m) δ34S ∆33S ∆36S 
Mount-4_AC-212@28 Pyrite 79.42 -0.07 0.42 -0.80
Mount-4_AC-212@29 Pyrite 79.42 0.35 0.47 -0.82
Mount-4_AC-212@30 Pyrite 79.42 0.50 0.55 -0.30
Mount-4_AC-212@31 Pyrite 79.42 0.00 0.64 -0.72
Mount-4_AC-212@32 Pyrite 79.42 -0.17 0.57 -0.68
Mount-4_AC-212@33 Pyrite 79.42 0.36 0.68 -0.18
Mount-4_AC-212@34 Pyrite 79.42 0.11 0.65 -0.55
Mount-4_AC-212@35 Pyrite 79.42 7.23 -0.13 0.20
Mount-4_AC-212@36 Pyrite 79.42 7.91 -0.10 0.51
Mount-4_AC-212@37 Pyrite 79.42 2.47 0.40 -0.54
Mount-4_AC-212@38 Pyrite 79.42 0.24 0.69 -0.39
Mount-4_AC-212@39 Pyrite 79.42 -0.03 0.62 -0.21
Mount-4_AC-212@40 Pyrite 79.42 -0.04 0.40 -0.95
Mount-4_AC-212@41 Pyrite 79.42 0.31 0.56 -0.72
Mount-4_AC-212@42 Pyrite 79.42 0.45 0.77 -0.05
Mount-4_AC-212@43 Pyrite 79.42 8.38 0.18 0.00
Mount-4_AC-212@44 Pyrite 79.42 9.33 0.10 0.32
Mount-4_AC-212@45 Pyrite 79.42 8.27 0.03 0.66
Mount-4_AC-212@46 Pyrite 79.42 8.75 0.03 0.35
Mount-4_AC-212@47 Pyrite 79.42 8.85 0.04 0.04
Mount-4_AC-212@48 Pyrite 79.42 11.30 0.17 0.43
Mount-4_AC-212@49 Pyrite 79.42 11.32 0.10 0.32
Mount-4_AC-212@50 Pyrite 79.42 6.68 0.13 0.15
Mount-4_AC-212@51 Pyrite 79.42 8.10 0.10 1.02
Mount-4_AC-212@52 Pyrite 79.42 7.08 0.13 0.45
Mount-4_AC-212@53 Pyrite 79.42 0.13 0.53 -0.17
Mount-4_AC-212@54 Pyrite 79.42 8.75 0.14 -0.06
Mount-4_AC-212@55 Pyrite 79.42 5.57 0.28 -0.22
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Sample name Lithology Strat-depth (m) δ34S ∆33S ∆36S 
Mount-5_AC-214-7@02 Pyrite 80.43 0.64 -0.36 0.70
Mount-5_AC-214-7@04 Pyrite 80.43 -0.51 -0.35 0.76
Mount-5_AC-214-7@05 Pyrite 80.43 -2.66 -0.30 0.40
Mount-5_AC-214-7@06 Pyrite 80.43 -0.37 0.37 0.03
Mount-5_AC-214-7@08 Pyrite 80.43 -2.72 -0.28 0.47
Mount-5_AC-214-7@1 Pyrite 80.43 -0.54 0.29 0.29
Mount-5_AC-214-7@11 Pyrite 80.43 -0.87 0.23 0.38
Mount-5_AC-214-7@12 Pyrite 80.43 -0.43 0.33 -0.67
Mount-5_AC-214-7@13 Pyrite 80.43 -0.42 0.30 -0.49
Mount-5_AC-214-7@14 Pyrite 80.43 -0.54 0.28 -0.73
Mount-5_AC-214-7@17 Pyrite 80.43 -0.67 0.29 -0.58
Mount-5_AC-214-7@18 Pyrite 80.43 -0.74 0.31 -0.08
Mount-5_AC-214-7@20 Pyrite 80.43 -0.40 0.34 0.04
Mount-5_AC-214-7@21 Pyrite 80.43 -0.85 0.25 -0.59
Mount-5_AC-214-7@23 Pyrite 80.43 -1.15 0.52 -0.33
Mount-5_AC-214-7@24 Pyrite 80.43 -0.40 0.34 -0.58
Mount-5_AC-214-7@27 Pyrite 80.43 -0.42 0.32 -0.86
Mount-5_AC-214-7@28 Pyrite 80.43 -0.12 0.35 -0.55
Mount-5_AC-214-7@30 Pyrite 80.43 -0.26 0.45 -0.11
Mount-5_AC-214-7@32 Pyrite 80.43 -1.72 0.29 -0.23
Mount-5_AC-214-7@33 Pyrite 80.43 -1.45 0.28 -0.53
Mount-5_AC-214-7@34 Pyrite 80.43 -0.71 0.27 -0.37
Mount-5_AC-214-7@35 Pyrite 80.43 -0.62 0.23 0.69
Mount-5_AC-214-7@36 Pyrite 80.43 -0.29 0.31 -0.23
Mount-5_AC-214-7@38 Pyrite 80.43 -0.39 0.33 0.12
Mount-5_AC-214-7@41 Pyrite 80.43 -0.33 0.30 -0.46
Mount-5_AC-214-7@43 Pyrite 80.43 -0.60 0.29 -0.32
Mount-5_AC-214-7@44 Pyrite 80.43 -0.47 0.28 -0.13
Mount-5_AC-214-7@45 Pyrite 80.43 -1.29 0.30 -0.29
Mount-5_AC-214-7@46 Pyrite 80.43 4.51 -0.18 0.69
Mount-5_AC-214-7@50 Pyrite 80.43 5.13 0.09 -0.42
Mount-5_AC-214-7@53 Pyrite 80.43 5.96 0.14 0.31
Mount-5_AC-214-7@54 Pyrite 80.43 3.29 0.36 -0.72
Mount-5_AC-214-7@55 Pyrite 80.43 5.32 0.30 -0.44
Mount-5_AC-214-7@56 Pyrite 80.43 5.63 0.13 -0.78
Mount-5_AC-214-7@64 Pyrite 80.43 -0.20 0.35 -0.37
Mount-5_AC-214-7@65 Pyrite 80.43 2.91
Mount-5_AC-214-7@68 Pyrite 80.43 -0.49 0.52 -0.15
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Sample name Lithology Strat-depth (m) δ34S ∆33S ∆36S 
Mount-5_AC-214@002 Pyrite 80.17 -5.11 -0.37 -0.01
Mount-5_AC-214@003 Pyrite 80.17 -7.60 -0.65 -0.06
Mount-5_AC-214@006 Pyrite 80.17 -6.20 -0.48 0.40
Mount-5_AC-214@008 Pyrite 80.17 -6.04 -0.55 -0.31
Mount-5_AC-214@009 Pyrite 80.17 -7.12 -0.62 0.47
Mount-5_AC-214@011 Pyrite 80.17 -6.30 -0.54 -0.21
Mount-5_AC-214@012 Pyrite 80.17 -7.01 -0.61 0.03
Mount-5_AC-214@015 Pyrite 80.17 -3.68 -0.46 -0.42
Mount-5_AC-214@017 Pyrite 80.17 -7.64 -0.71 0.06
Mount-5_AC-214@018 Pyrite 80.17 -6.17 -0.28 -0.60
Mount-5_AC-214@020 Pyrite 80.17 -5.84 -0.52 0.05
Mount-5_AC-214@021 Pyrite 80.17 -7.35 -0.66 0.08
Mount-5_AC-214@023 Pyrite 80.17 -6.82 -0.60 -0.39
Mount-5_AC-214@025 Pyrite 80.17 -8.84 -0.78 -0.03
Mount-5_AC-214@027 Pyrite 80.17 -5.85 -0.44 -0.22
Mount-5_AC-214@028 Pyrite 80.17 -4.96 -0.45 -0.67
Mount-5_AC-214@030 Pyrite 80.17 0.13 0.36 -1.26
Mount-5_AC-214@032 Pyrite 80.17 3.16 0.20 -0.37
Mount-5_AC-214@033 Pyrite 80.17 0.66 0.42 -1.41
Mount-5_AC-214@035 Pyrite 80.17 3.77 0.15 -1.13
Mount-5_AC-214@036 Pyrite 80.17 2.19 0.01 -0.32
Mount-5_AC-214@037 Pyrite 80.17 2.49 0.07 -1.09
Mount-5_AC-214@038 Pyrite 80.17 0.31 0.48 -0.77
Mount-5_AC-214@040 Pyrite 80.17 2.86 0.00 -0.40
Mount-5_AC-214@041 Pyrite 80.17 3.29 0.21 -1.11
Mount-5_AC-214@043 Pyrite 80.17 3.11 0.08 -0.92
Mount-5_AC-214@044 Pyrite 80.17 2.22 0.12 -0.60
Mount-5_AC-214@046 Pyrite 80.17 2.14 -0.22 -0.35
Mount-5_AC-214@047 Pyrite 80.17 0.35 0.33 -1.14
Mount-5_AC-214@049 Pyrite 80.17 2.44 -0.05 -0.69
Mount-5_AC-214@050 Pyrite 80.17 2.65 -0.05 0.10
Mount-5_AC-214@051 Pyrite 80.17 3.06 -0.02 -0.63
Mount-5_AC-214@053 Pyrite 80.17 3.21 0.28 -0.46
Mount-5_AC-214@054 Pyrite 80.17 1.53 0.50 -1.23
Mount-5_AC-214@055 Pyrite 80.17 2.63 0.17 -0.03
Mount-5_AC-214@056 Pyrite 80.17 3.61 0.26 -0.26
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Sample name Lithology Strat-depth (m) δ34S ∆33S ∆36S 
Mount-5_AC-214@059 Pyrite 80.17 0.09 0.40 -0.63
Mount-5_AC-214@060 Pyrite 80.17 0.29 0.44 -1.12
Mount-5_AC-214@061 Pyrite 80.17 3.97 0.31 -1.60
Mount-5_AC-214@062 Pyrite 80.17 3.02 0.16 -0.22
Mount-5_AC-214@064 Pyrite 80.17 1.21 0.53 -1.38
Mount-5_AC-214@065 Pyrite 80.17 3.54 -0.05 0.35
Mount-5_AC-214@066 Pyrite 80.17 0.45 0.45 -0.97
Mount-5_AC-214@067 Pyrite 80.17 0.43 0.40 -0.89
Mount-5_AC-214@069 Pyrite 80.17 2.86 -0.05 -0.25
Mount-5_AC-214@070 Pyrite 80.17 2.99 -0.03 -0.04
Mount-5_AC-214@071 Pyrite 80.17 3.29 0.09 -0.42
Mount-5_AC-214@072 Pyrite 80.17 0.38 0.48 -0.85
Mount-5_AC-214@073 Pyrite 80.17 2.62 0.25 -0.99
Mount-5_AC-214@074 Pyrite 80.17 3.64 0.11 -0.46
Mount-5_AC-214@076 Pyrite 80.17 0.67 0.53 -0.87
Mount-5_AC-214@078 Pyrite 80.17 3.15 0.18 -0.82
Mount-5_AC-214@079 Pyrite 80.17 3.43 0.46 -0.82
Mount-5_AC-214@080 Pyrite 80.17 3.70 0.19 -0.54
Mount-5_AC-214@081 Pyrite 80.17 0.60 0.42 -0.64
Mount-5_AC-214@082 Pyrite 80.17 3.29 0.11 -0.03
Mount-5_AC-214@083 Pyrite 80.17 3.79 0.21 -0.41
Mount-5_AC-214@085 Pyrite 80.17 0.43 0.46 -0.11
Mount-5_AC-214@086 Pyrite 80.17 0.85 0.50 -1.34
Mount-5_AC-214@087 Pyrite 80.17 1.39 0.30 -1.20
Mount-5_AC-214@089 Pyrite 80.17 3.59 0.21 -0.01
Mount-5_AC-214@090 Pyrite 80.17 0.52 0.45 -0.26
Mount-5_AC-214@091 Pyrite 80.17 0.24 0.43 -0.75
Mount-5_AC-214@092 Pyrite 80.17 0.91 0.40 -1.08
Mount-5_AC-214@093 Pyrite 80.17 0.32 -0.31 0.09
Mount-5_AC-214@094 Pyrite 80.17 -0.33 -0.47 0.04
Mount-5_AC-214@095 Pyrite 80.17 2.63 -0.12 -0.41
Mount-5_AC-214@096 Pyrite 80.17 0.20 0.37 -0.78
Mount-5_AC-214@097 Pyrite 80.17 0.66 0.58 -0.35
Mount-5_AC-214@098 Pyrite 80.17 9.55 -0.43 0.95
Mount-5_AC-214@101 Pyrite 80.17 1.01 -0.03 -0.81
Mount-5_AC-214@102 Pyrite 80.17 3.88 -0.47 0.24
Mount-5_AC-214@106 Pyrite 80.17 0.80 -0.64 0.59
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Titre : Biogéochimie à l’aube de la déposition des carbonates sur Terre: chimiostratigraphie 

élémentaire et isotopique de la plateforme carbonatée Mésoarchéenne de Red Lake, Canada 

Mots clés : Craton Supérieur, Mésoarchéen, Plateforme carbonatée, Chimiostratigraphie 

Résumé : L'assemblage de Ball de Red Lake, 
preservé au Canada et daté de 2,87 Ga, représente 
la plus ancienne plate-forme carbonatée connue 
sur Terre. Cette étude présente des analyses 
sédimentologiques, élémentaires et isotopiques 
(carbone, oxygène et multiples isotopes du 
soufre) de cinq forages englobant une variété de 
roches chimiques et silicoclastiques déposées 
dans des eaux de grande à faible profondeur. Les 
spectres de terres rares des divers lithofaciès 
révèlent des caractéristiques à la fois archéens et 
modernes. La présence occasionnelle du 
dioxygène est déduite à partir d'anomalies 
positives et négatives en Ce, et des 
enrichissements en Mn et Cr dans certaines 
formations ferrifères et carbonatées suggèrent 
également une oxygénation périodique de la  

colonne d'eau, au moins localement. Des 
enrichissements authigènes légers mais 
significatifs en Mo, V, U et Cr dans les 
carbonates et les formations ferrifères 
suggèrent un cycle d'oxydoréduction sous 
conditions légèrement oxique. La composition 
isotopique du carbone et de l'oxygène dans les 
carbonates est contrôlée par la minéralogie et 
la profondeur d'eau. La dolomie montre elle 
des signes d'interaction avec l'eau météorique, 
tandis que la calcite capture la signature 
isotopique du DIC de l'océan ouvert. Les 
données multi-isotopiques du soufre indiquent 
que les schistes sulfurés de Red Lake ont 
enregistré une variété de sources et de 
processus affectant le soufre comparable à 
d'autres roches sulfurées mésoarchéennes. 

Title : Biogeochemistry at the dawn of carbonate deposition on Earth: elemental and isotopic 

chemostratigraphy of the Mesoarchean Red Lake carbonate platform, Canada 

Keywords : Superior Craton, Mesoarchean, Carbonate platform, Chemostratigraphy 

Abstract : The 2.87 Ga Ball Assemblage of the 
Red Lake Greenstone Belt, Canada preserves 
Earth’s oldest known thick carbonate platform. 
This study presents sedimentological, elemental, 
and isotopic (carbon, oxygen, and multiple sulfur 
isotope) analyses of five cored drill holes 
capturing a variety of chemical and siliciclastic 
rocks deposited in shallow-to-deep water settings. 
The rare earth element systematics of the diverse 
lithofacies reveal features similar to both Archean 
and modern oceans. The occasional presence of 
oxygen is inferred from both positive and 
negative Ce anomalies, and associated Mn and Cr 
enrichments in some iron formation and 
limestone samples, suggesting periodic 

oxygenation of the water column, at least 
locally. The mild but significant authigenic 
enrichment of Mo, V, U, and Cr in carbonates 
and iron formations suggest redox cycling 
under mildly oxic water column conditions. 
The isotopic composition of carbon and 
oxygen in carbonates are mineralogically and 
water-depth-controlled; dolostone shows 
evidence of meteoric water interaction during 
dolomitization, while limestone captured the 
isotopic signature of the open ocean DIC pool. 
Multiple sulfur isotope data indicate that the 
Red Lake sulfidic shales preserve a variety of 
sulfur sources and processing similar to other 
Mesoarchean rocks.  
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